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SUMMARY
The proportion of disease outbreaks associated with Salmonella 
d u b l i n  has d ec l ined  during the  l a s t  15 y e a r s ,  but  the organism 
remains an important cause of salmonellosis in c a t t l e .
In  a survey o f  104 farms at  which e n t e r i t i s  in  ca lves was 
diagnosed, salmonellas were iso lated from 19 and were associated with 
diarrhoea in 12 per cent , of calves from 24 per cen t , of outbreaks.
One hundred and fo r ty  seven stra ins of S. dublin were
characterised on the basis of  morphology and biochemistry.  The 
serotype is distinguished by a requirement for  n ico t in ic  acid and the 
possession of  a 'serotype-specif ic '  plasmid of  approximately SOMdal. 
The serotype represents a homogeneous grouping and i t  was not
possible to produce a biotyping scheme superior to that  of Walton 
(19 7 2 ) ,  although the strains could s a t i s fa c t o r i l y  be subdivided into  
33 phage-types.
The v i r u le n c e  of strains as determined by t h e i r  oral LD50 in C57
mice ranged from approximately 10  ^ to greater than 10  ^ although the
m a jo r i ty  of strains had LD50 values below 10^. Virulence was not 
usual ly  af fected by cul ture on laboratory media but i t s  measurement 
was highly dependent upon the method of  oral inoculat ion.
Many o f  the s t r a in s  which were ' a v i r u l e n t '  or o f  ' reduced  
virulence' in mice d i f fe red  from 'v i r u le n t '  st ra ins in several 
c h a ra c te r is t ic s .  However lack of vi rulence was usually associated 
with  stra ins which were rough or 'semi-rough',  anaerogenic, slow 
growing, or without mannose-sensitive and mannose-resistant  
haemagglutinins or 'serotype-specif ic '  plasmids.
There was a good but not perfect  corre la t ion  between virulence  
fo r  mice and virulence for  rats and calves. Strains which lacked a
'sero type-spec if ic '  plasmid were 'av i ru len t '  in mice fol lowing oral 
or intraper itoneal  infect ion  but retained residual virulence when 
inoculated in rats in t rap er i tonea l1 y or in calves o r a l ly .
Cal ves were__protected aga inst  S. typhimurium and S. dub l in  
in fe c t io n  by the colostrum of cows vaccinated with formalinised S. 
typhimurium.
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ABBREVIATIONS USED
The fol lowing abbreviations are used:
ABG A n t ib io t ic  b r i l l i a n t  green agar
BGA B r i l l i a n t  green agar
BGM B r i l l i a n t  green sodium mandelate agar
BGSA B r i l l i a n t  green sulphacetamide agar
BGSD B r i l l i a n t  green sulphadiazine agar
BGSM B r i l l i a n t  green sulphamandelate agar
BHI Brain heart infusion broth
BSA Bismuth sulphite agar
°C Degrees Celsius
CAYE Casaminoacids yeast extract  (agar or broth)  
cfu Colony forming units
cm Centimetres
CVL Central Veter inary Laboratory
d Day
DCA Deoxycholate agar
DCAH Deoxycholate agar, Hynes' modification
DNA Deoxyribosenucleic acid
DPF Delayed permeabil ity factor
EDTA Ethylenediaminetetra-acetic acid
g Gram
xg Mult ip les of gravi ty
h Hour
I /D Intradermal
IP I n s t i t u t  Pasteur
I /P  Intraper itoneal
IRAD In s t i t u t e  fo r  Research on Animal Diseases 
£ L i t r e
M Molar solution
MAFF Min istry  of  Agriculture Fisheries and Food
Mdal Megadalton
mg Mil l igram
mM M il l im olar
ml M i l l i l i t r e
mm M il l im etre
MSHA Mannose-sensitive haemagglutinin
6MRHA Mannose-resistant haemagglutinin 
N Normal solution
NA Nutrient agar
NCTC National Collect ion of Type Cultures
NAD Nicotinamide adenine dinucleot ide
ONPG Beta-galactosidase reaction
PBS Phosphate buffered saline
PHLS Public Health Laboratory Service
RAPP Rappaport broth
RPF Rapid permeabil i ty factor
RTD Routine te s t  d i lu t ion
SBG Selenite  b r i l l i a n t  green broth
SDS Sodium dodecylsulphate
SS Salmonella-Shigella agar
S/C Subcutaneous
TGX Tryptose glucose extract  agar
Tris  Tr is  hydroxymethylmethyl ami ne
TSI T r ip le  sugar iron agar
UK United Kingdom
USA United States of America
UV U l t ra  v io le t
V Volts
VIC Veter inary Investigation Centre
v/v Volume per volume
w/v Weight per volume
yg Microgram
y£ M ic ro l i t re
INTRODUCTION
8Page no,
Introduction 9
Taxonomy and c la s s i f ic a t io n  of the genus Salmonel 1 a 9
Histor ical  12
Diseases caused by members of the genus Salmonella 13
Salmonellosis in man 14
Salmonellosis in domesticated farm animals 16
Salmonellosis in c a t t l e  17
Salmonella dubl in 21
Taxonomy and c la s s i f ic a t io n  of  S. dublin 21
Biotyping and phage-typing of S. dublin 22
Distr ibut ion of S. dublin 23
St dublin infect ion in man 25
S. dublin in fect ion  in c a t t l e  28
Control of bovine salmonellosis 33
Treatment with an t ib io t ics  34
Vaccination 36
The pathogenicity and virulence of salmonellas 41
9Introduction
Salmonella dublin is one of over 2,000 serotypes of the genus 
Salmonella  (Kauffmann, 1972; Rowe and H a l l ,  1980; Le Minor, 1984a),  
which are the causative organisms of salmonellosis,  a co l lec t ive  
d e s c r i p t i o n  o f  a group o f  d iseases w ith  symptoms t h a t  vary from 
sev ere  e n t e r i c  f e v e r  to m i ld  fo o d -p o iso n in g .  Most species of  
animal, including domesticated farm l ivestock and man, may be 
infected and the disease is of considerable economic importance.
The genus has been extensively studied fo r  more than a century 
and contributions to the s c i e n t i f i c  l i t e r a t u r e  are numerous. I t  
would be impossible to review a l l  of  these contr ibut ions here and 
t h i s  is  not the  i n t e n t i o n .  This in t r o d u c t io n  aims merely to  
describe b r i e f l y  the h istory and character is t ics  of  the group, 
p a r t ic u la r ly  where these re la te  to pathogenicity and immunity, and to  
c o n c e n t ra te  on the aspects of  S. dublin which dist inguish i t  from i ts  
re la t iv e s .
Taxonomy and c la s s i f ic a t io n  of the genus Salmonella
The genus Salmonella belongs to the family Enterobacteriaceae, a 
l a r g e  group of  f a c u l ta t iv e ly  anaerobic gram-negative rods (Holt  and 
K r ie g ,  1984).  The serotypes (or "species" of  Kauffmann, 1961) can 
be grouped into  4 (Kauffmann, 1960; Kauffmann, 1966) or 5 subgenera 
(Le M inor ,  1984a) on the basis  of  t h e i r  biochemical  r e a c t i o n s .  
Sub-genus I contains the ' t y p ic a l '  salmonellas isolated mainly from 
warm-blooded animals, whilst  subgenera I I  to V are usually isolated  
from co ld -b looded animals and the env ironment.  Sub-genus I I I  
contains serotypes previously included in the genus Arizona (Edwards, 
F i f e  and Ramsey, 1959) and sub-genus V includes atypical s t ra in s ,  
of ten  formerly included in subgenus I ,  which grow in the presence of  
potassium cyanide and are beta-galactosidase-posit ive .  The
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serotypes (or serovars) within a sub-genus cannot, with rare  
except ions,  be distinguished biochemically and d i f f e r e n t ia t io n  is on 
the basis of the possession of somatic ( 0 ) antigens and diphasic
f l a g e l l a r  (H) antigens in the Kauffmann-White Scheme (Kauffmann,
1972).
The Kauffmann-White scheme arose out of the independent work of  
Kauffmann (1929-1934, see Kauffmann 1966, fo r  references) and White 
(1929a, 1929b) and the d i f f e r e n t  nomenclature used by both authors 
was adopted and unif ied by the Internat ional Association of  
Microbiologists (Report, 1934).  The antigenic formula consists of  
3 par ts  de l im i t in g  the 0 antigen and the H antigens, whichj^occur in 2 
phases .  0 an t igens have a ra b ic  numbers ( a t  present  1 -67 )  and
H ant igens have l e t t e r s  in phase 1 and l e t t e r s  and numerals in phase
2 s ince the same antigens may occasionally occur as phase 1 or phase 
2 in  d i f f e r e n t  serotypes. Thus S. dublin has the antigenic formula 
l , 9 , 1 2 : g p : -  denoting that  i t  is distinguished by the presence of  
0 ant igens 1 ,  9 and 12 and H antigens g and p. I t  does not have a 
second phase. S. typhimurium which is diphasic has the formula 
l , 4 , 5 , 1 2 : i : l , 2 .
When i n i t i a t e d  the scheme comprised 44 serotypes and va r ie t ie s  
organised in 5 0-groups (A-E) (Report, 1934).  I t  has since expanded 
to include over 2,000 serotypes organised in 48 0-groups (Le Minor,  
1984a).
The names given to members of the genus do not fo l low the usual 
ru le s  o f  nomenclature (Le Minor, 1984a). The f i r s t  serotypes to be 
id e n t i f ie d  (such as S. t y p h i , S. cholerae-suis,  S. abortus-ovis) were 
given names which indicated the disease with which they were 
associated or t h e i r  animal host,  and these names, which have become 
accepted by c l in ic a l  microbio logists,  continue to be used. Types 
i s o la te d  subsequently bear the name of the town or region in which
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t h e y  were f i r s t  i s o la te d  (such as S . d u b l i n .  S. l i v e r p o o l  or S . 
crossness) (Report, 1934) and members of subgenera I I ,  I I I  or IV 
isolated since 1966 are designated solely by t h e i r  antigenic formulae 
(Le Minor, 1984a).
For the purposes of epidemiology many of the serotypes have been 
divided into  phage-types (phagovars) and/or biotypes (b iovars) ,  which 
have of ten assumed the status of subspecies, such as S. dublin var 
dawa (Hughes, 1954).
A l l  of  the serotypes are closely  re lated on the basis of DNA 
hybrid izat ions and the proper taxonomic status should be that  of a 
s in g le  species (Crosa, Brenner, Ewing and Falkow, 1973) with the  
subgenera relegated to the status of subspecies. Such a proposal 
has recent ly  been made by Le Minor, Veron and Popoff (1982),  who 
subjected standard strains to numerical taxonomic studies and DNA 
h y b r id iz a t io n .  They propose that  the genus should consist of a 
s ingle  species S. cholerae-suis having 6 subspecies: the subspecies
cholerae-suis corresponding to the former subgenus 1 ; sal amae 
corresponding to subgenus I I ;  arizonae corresponding to monophasic 
members of subgenus I I I ;  diar izonae corresponding to diphasic  
members of subgenus I I I ;  houtenae corresponding to subgenus IV and 
bongor corresponding to subgenus V. The main problem is involved 
w ith  the  name c h o le r a e -s u is  which has p r i o r i t y  f o r  use as the  
type-species name but is unsuitable since i t  is an accepted serotype 
name f o r  an organism which does not cause a cho le ra - l ike  disease and 
may be found in animals other than pigs. However, the acceptance of  
th is  scheme would great ly  s impli fy  the taxonomy and would not 
c o n f l i c t  with the Kauffmann-White scheme which is overr id ing ly  
important  f o r  i d e n t i f i c a t i o n  and w i l l  obv ious ly  be r e t a in e d  (Le 
Minor, 1984a).
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Subgenus I would remain as the largest  group and the serotype 
names could be wr i t ten  without i t a l i c i z i n g  them and thus ra is ing them 
to  species l e v e l .  S. dublin would thus become, S. cholerae-suis  
subspecies cholerae-suis dublin ,  although in da i ly  use by c l in ica l  
m ic ro b io lo g is ts  i t  would s t i l l  be referred to as S. dublin (Le Minor, 
1984b).
The studies of Le Minor and his colleagues also demonstrated the 
d is t in c t io n  within  subgenus I between those st ra ins such as S. t y p h i , 
S. paratyphi A, S. sendai, S. abortus ovis and S. pullorum/gall inarum 
which are usually described as host-adapted (Wilson and Miles,  1975) 
or host-specif ic  (Ramsay and Emond, 1967) and are general ly  atypical  
and u s u a l l y  au x o tro p h ic ,  and th e  'u b iq u i t o u s '  types such as S. 
typhimur i  um. S. dublin seems to occupy an intermediate posit ion .  I t  
i s  auxotrophic for  n ico t in ic  acid (Bayne and Thai,  1962) and is most 
often isolated from c a t t l e ,  although i t  also occurs in other species 
(see l a t e r ) .  More e x p l i c i t  terms may be 'host-adapted',
'h o s t - res t r ic te d '  and 'ub iqu itous ' .
Histor ical
The ear ly  history of invest igat ions of typhoid fever  has been 
r e v ie w e d  by Bullock (1929)  and Wilson and M i les  ( 1 9 7 5 ) .  The 
in fect ious nature of the disease was f i r s t  established by Bretonneau 
in  France in 1829 and i t s  natural history was accurately described by 
Budd in England in 1859. The bacterium responsible was observed in  
the morbid t issues of  human casualt ies  by Eberth (1880, 1881) and 
Koch (1881) and was f i r s t  isolated by Gaffky (1884).  At the same 
t im e the  occurrence of S. cholerae-suis in pigs and i t s  iso la t ion  was 
described by Salmon and Smith (1885) although i t  was not unt i l  l a t e r  
that the re lat ionship  between the organisms was recognised.
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The genus Salmonella was f i r s t  proposed by Lignieres (1900) with 
the  organism isolated by Salmon and Smith (1885) as the type species 
(L ignieres,  1901).
The history of salmonellosis in c a t t le  was reviewed by Henning 
(1939 ,  1953a) and Gibson (1961).  The ear ly  h istory  of the disease 
is  confused since the bacter ia  involved could not be d i f fe re n t ia te d  
from each other ,  but Gibson (1961) suggests that  a form of ' c a l f  
diarrhoea'  with symptoms closely resembling salmonellosis had been 
recognised since the ear ly  nineteenth century. Organisms which 
resembled S. e n t e r i t id is  or S. paratyphi B were isolated from 
infected c a t t l e  between 1891 and 1930 and these were usually shown 
l a t e r  to  be S. dublin (Smith and Scott,  1930) or S. typhimurium. S. 
dublin resembles S. e n t e r i t id is  biochemically and an t igen ica l ly  and 
these organisms could not be distinguished unt i l  White (1929a, 1930) 
demonstrated that  they possessed d i s t in c t  f l a g e l l a r  antigens.
Once the Salmonella  group had been more c l e a r l y  de f ined  i t  
became apparent that  in those parts of Europe where the disease was 
endemic, the organism most frequent ly  associated was S. dublin .  S. 
typhimurium was next in frequency and other types were rare (Gibson, 
1961). .
Diseases caused by members of the genus Salmonella
Al l  the known serotypes of Salmonella are pathogenic fo r  man, 
animals or both (White,  1929a; Le Minor, 1984a). Some serotypes 
such as S. ty p h i ,  S. paratyphi A and S. sendai appear to be s t r i c t l y  
host-adapted and cause disease only in man. S im i la r ly ,  S.
abortus-ovis and S. pullorum cause disease only in sheep and poultry  
respect ive ly ,  while a second group such as S. dublin and S. 
cholerae-suis cause disease pr imar i ly  in 1 animal species but are 
opportunist pathogens of others. A t h i r d ,  and by fa r  the largest
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group, t y p i f i e d  by S. typhimurium, causes disease in a wide var ie ty  
of animals including man (Wilson and Miles,  1975).
Salmonellosis in man
Salmonellosis in man ranges from the generalised typhoid 
in fect ion  caused by S. t y p h i , through the less severe but septicaemic 
i n fe c t io n s  caused by S. paratyphi A, S. paratyphi B and S. sendai to  
mild g as troen ter i t is  resul t ing  from the consumption of presumably 
l a r g e  numbers, of  a var ie ty  of serotypes in food. Other serotypes 
such as S. dub l in ,  S. paratyphi C, S. blegdam, S. e n t e r i t i d i s ,  S. 
cholerae-suis and S. moscow occasionally cause generalised infections  
( S m i t h ,  1934;  Wilson and M i l e s ,  1 9 7 5 ) ,  p a r t i c u l a r l y  in  old or  
immunologically compromised pat ients .  The major ity  of serotypes 
produce a mild to severe g as tro en te r i t is  which only rare ly  becomes 
generalised.
Although common prior  to th is  century, typhoid fever has 
declined rap id ly  (Ramsay and Emond, 1967) in Great B r i ta in ,  la rge ly  
by the el iminat ion of sewage po l lu t ion  in water supplies fo r  drinking  
and t h e  p r e p a ra t io n  of  human foods (McCoy, 1 9 7 5 ) ,  and a s i m i l a r  
decline has also occurred in paratyphoid. In contrast ,  typhoid 
remains the most important disease caused by salmonellas in many 
Third  World countries . Thus in India S. typhi accounts fo r  almost 
60 per cent,  of  isolations from humans compared to less than 10 per 
cent,  fo r  S. typhimurium (Saxena, Ahuja, Mago and Singh, 1980),  while  
in  England and Wales in 1982 there were only 168 reported cases, of  
which 147 were contracted abroad, p r in c ip a l ly  in the Indian 
sub-continent and West Afr ica (Report, 1984b).
In contrast  to the decline in typhoid and paratyphoid,  
gas troen ter i t is  due to salmonellas has increased in the UK in the 
l a s t  10 years (Jephcott,  1984; Report 1985), an increase which has
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been re f lec ted  in other European countries and North America 
(Pietzsch,  1984a). I t  is generally  accepted tha t  Salmonel1 a
g as troen te r i t is  is a zoonotic disease, mainly contracted by consuming 
l a r g e  numbers o f  the c a u s a t iv e  organism (McCullough and E i s e l e ,  
1951a, 1951b, 1951c, 1951d) in  food of  animal o r i g i n  or foods 
contaminated with  animal products in  which the  sa lmonel las  have 
p r o l i fe ra te d  (Taylor and McCoy, 1969).  There is thus a cycle of  
in fe c t io n  between man, animals and the environment -  the so-called
' Salmonella-Cycle' ( fo r  a f u l l e r  description see Williams (1975) and 
Jones and Hall (1976 ) ) .  There i s ,  however, convincing evidence not 
only t h a t  infect ion  can be a sequel to the consumption of  small doses 
( l e s s  th a n  10 c e l l s )  (B la s e r  and Newman, 1982; G i l l ,  S o cke t t ,  
B a r t l e t t ,  V a i le ,  Rowe, G i lb e r t ,  Dulake, Murrell  and Sal maso, 1983; 
Lipson,  1976; Craven, Mackel, Baine, Barker, Gangarosa, G old f ie ld ,
Rosenfeld, Altman, Lachapelle,  Davies and Swanson, 1975) but that
d i r e c t  person-to-person contact is involved in many outbreaks,  
p a r t i c u la r l y  in hospitals and in s t i tu t io n s  (Palmer, Jephcott,  Rowland 
and Sylvester,  1981; Jephcott,  1984).
The case m o r ta l i ty  rate  from food-poisoning is  very low. There 
were 23,000 reported cases in Great B r i ta in  in the 3 years 1976 to  
1978, which probably represent only 10 per cen t ,of the t rue  incidence 
( J e p h c o t t ,  1984) and only 119 deaths (0 .5  per c e n t . ) , and these were 
a l l  in the very old or the very young (Hepner, 1980).  In 1982 a l l  
but 4 o f  36 people who died were over 65 years old (Jephcott,  1984).  
The principal serotype involved was S. typhimurium which accounted 
fo r  approximately 45 per cen t . of  incidents between 1982 and 1984 
(Report  1984a) and has been the most common serotype since at leas t  
as ear ly  as 1941 (McCoy, 1975) and probably e a r l i e r  (Smith, 1934; 
White 1929a).  A number of  other serotypes, p a r t ic u la r l y  S. 
e n t e r i t i d i s , have always been common, while others such as S. hadar.
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which entered the human food chain via turkeys, tend to be common for  
a number of  years and then decline (Report 1985). S. e n t e r i t id is  is 
rare in domestic animals but most other serotypes which attack man 
are u s u a l l y  a lso  to be found in farm l i v e s t o c k  (McCoy, 1 9 7 5 ) .  
However the  r e l a t i o n s h i p  is  not always obvious and although S. 
senftenberg was the most common serotype to be isolated from poultry  
between 1980 and 1982 i t  was responsible for  only 0.6 per cent,  of  
human cases between 1977 and 1984, even though poultry were probably 
the commonest source of human in fec t ion  (Report,  1985).
The increase in food-poisoning has variously been a t t r ibu ted  to 
an increase in in fect ion  amongst food animals, the growth of communal 
ea t ing ,  ' take-away' food shops and 'd in in g -o u t ' ,  an increased use of  
b u lk  and prepared foods and a change in  e a t in g  h a b i ts  w i th  the  
decrease in the cost of poultry meat compared to red meat. Poultry  
is  now the commonest source of  in fe c t io n .  In 1983 41 per cent,  of  
outbreaks where the food v e h ic le  was i d e n t i f i e d  were t ra ced  to  
p o u l t r y ,  compared to only 4 per cent,  to beef and 18 per cent,  to  
milk (Jephcott,  1984).  This compares with 1954/55 when poultry  
accounted for  only 3 per cent,  of outbreaks compared to 28 per cent.  
f o r  bee f  (McCoy, 1975).  I t  should, however, be stressed tha t  in the  
m ajo r i ty  of incidents no vehicle  of infect ion  is  id e n t i f i e d .  
However t h is  is not the only explanation since in West Germany where 
the number of cases has risen from under 2,000 in 1962 to 
approximately 50,000 in 1981 poultry accounted for  only 9 per cent.  
of cases between 1978 and 1981 compared to 58 per cent,  associated 
with red meats and meat products (Pietzsch, 1984a).
Salmonellosis in domesticated farm animals
Salmonellosis is a disease of c a t t l e ,  sheep, pigs and poult ry  
manifested c l i n i c a l l y  by 1 of 3 major syndromes: a peracute
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septicaemia, an acute e n t e r i t i s  or a chronic e n t e r i t i s  (Blood,  
Henderson and Radostits, 1979).  I t  d i f f e r s  from the disease in 
humans where the m a j o r i t y  of  cases represent  minor d i s c o m f i t u r e  
(Jephcott,  1984),  by having a high morbidity and m o r ta l i ty  even when 
t reated .  H is to r ic a l ly  the disease was characterised by the large  
proportion c f  infect ions caused by the host adapted serotypes ; S. 
cholerae-sui s in pigs, S. abortus-ovis in sheep, S. 
pul lorum/gall inarum in poultry and S. dublin in c a t t l e .  Recently,  
apart from the Tat ter  these serotypes have almost disappeared in the 
UK (Wray and Sojka, 1984),  although they remain important in other  
parts of the world.  Salmonellas may be carr ied by animals in the  
absence of c l in ic a l  signs and th is  is  probably the normal s i tua t ion  
in pigs and poult ry .
S in c e  t h i s  study is  p r i m a r i l y  concerned w ith  S. d u b l in  the  
discussion w i l l  be confined to salmonellosis as a disease of c a t t l e .
Salmonellosis in c a t t le
All aspects of salmonellosis in c a t t le  have recent ly  been 
reviewed extensively (Gibson, 1965; Wray and Sojka, 1 9 7 7 ) . '  The 
disease, which has been recognised for  over 170 years,  has a 
worldwide d is t r ib u t io n  and has been associated p r in c ip a l ly  with S. 
typhimuri  um and S. dublin (Gibson, 1961).  Other serotypes may also  
in fec t  c a t t l e  sporadically (Buxton, 1957) and these serotypes have 
become more common over the past 20 years (Sojka, Wray, Shreeve and 
Benson, 1977; Wray and Sojka, 1984; Report 1985). One hundred and 
nineteen 'exot ic '  serotypes were isolated from c a t t l e  between 1968 
and 1974 in  England and Wales (Sojka, Wray, Shreeve and Benson, 1977) 
although these accounted for  only 12 per cent,  of inc idents .  S. 
typhimurium was involved in 20.5 per cent,  and S. dublin in 67.5 per 
cent.  There had been a dramatic r ise  in the incidence of
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salmonel los is  in c a t t le  between 1960 and 1969, due to an increase in 
S. dub l in  iso la t ions (Sojka, Wray, Hudson and Benson, 1975).  The 
peak was reached in 1969 when 4012 incidents,  of which S. dublin 
accounted fo r  89.2 per c e n t . , were recorded. Since then there has 
been an equally dramatic decline in both S. dublin and tota l  
incidents (Report, 1985), which has been accompanied by a s l igh t  r ise  
in  S. typhimurium. In 1984 there were 1562 incidents in England and 
Wales o f  which 65.5 per cent,  were a t t r ibuted  to S. typhimurium and 
25.4  per cent,  to S. dublin.  Sixty-two per cent,  of  these were in 
calves, where S. typhimurium accounted fo r  90 per cent,  of incidents  
(Report, 1985).
The disease in adult  c a t t l e ,  p a r t ic u la r ly  with S. typhimurium, 
i s  sporadic (Blood, Henderson and Radiost i ts ,  1979) and acute and 
sub-acute forms are recognised (Wray and Sojka, 1977).
Acute salmonellosis is characterised by i t s  sudden onset.  
Fever ,  dullness,  anorexia and depressed milk y ie ld  is followed by 
severe diarrhoea. The fever tends to persist  fo r  a few days then 
dec l ines  before death which occurs 4 to 7d from the onset of c l in ic a l  
s i g n s .  The m o r t a l i t y  r a t e  is  approx im ate ly  75 per c e n t . in  
untreated cases and complete recovery takes about 2 months (Wray and 
So jka ,  1977) .  Pregnant animals may abort ( fo r  a review see Hinton,  
1971b).
In calves, disease usually occurs between 2 to 6 weeks a f te r  
b i r t h .  C h a ra c te r is t ic a l ly ,  calves become dull  and anorexic and 
develop a fever .  Diarrhoea fol lows and affected calves may die  
a f t e r  5 to 7d of i l ln e s s .  When the disease is prolonged calves 
become emaciated or s u f f e r  from bone and j o i n t  i n f e c t i o n s  and,  
ra r e ly ,  gangrene (Richardson, 1972; O'Connor, Rogers, Coll ins and 
McErlean, 1972).  The severity  of the disease is very var iab le ;  in 
some calves especia l ly  those 1 to 2d old, bacteraemia occurs and
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calves col lapse and die without diarrhoea. In others the in fect ion  
may be so mild as to pass unnoticed (Wray and Sojka, 1977; Jones and 
H a l l ,  1976).  M or ta l i ty  may reach 60 per cent.  (Hughes, Gibson, 
Roberts ,  Davies, Davies and Sojka, 1971) and 100 per cent,  of calves 
may be af fected (Jones, Co l l ins ,  Brown and Aitken, 1983).
C a t t le  are thought to be infected o ra l ly  (Buxton, 1957) although 
r e s p i r a t o r y  i n f e c t i o n  may also occur (Tannock and Smith , 1971a,  
1971b).  The dose required to i n i t i a t e  infect ion is thought to be 
high.  The experimental oral infectious dose for  calves has been 
v a r io u s ly  est imated a t  between 10^ and 10^^ organisms (Henning,  
1953b, 1953c; De Jong and Ekdahl, 1965; Rankin and Taylor ,  1966; 
Smith and Jones, 1967; Robinson and Loken, 1968; Hartmann, Meyer, 
Koch, Steinbach and Günther, 1973; Gr#nst#l,  Osborne and 
Pethiyagoda, 1974; Nazer and Osborne, 1977; Forbes, Oakley and 
Mackenzie, 1977; Wray and Sojka, 1978; Smith, Habasha, Reina-Guerra 
and Hardy, 1980; White, Piercy and Gibbs, 1981; White, Piercy,  
Clampitt ,  Morgan and West, 1981; Jones, Co l l ins ,  Brown and Aitken,  
1982) although doses in excess of 10  ^ are normally required,  while  
the dose fo r  adult  c a t t le  is approximately 10^^ o r a l ly  ( F r ik ;  1969; 
Hall and Jones, 1979) and greater  than 10^ intravenously (Hall and 
Jones, 1976). Oral doses of less than 10^^ ce l ls  in adult  c a t t l e  
produce only transient  excretion even when administered as a t r i c k l e  
infection over several days (H a l l ,  Jones and Ai tken, 1978) or to  
animals infested concurrently with Fasciola hepatica ( H a l l ,  Hughes, 
Jones, Aitken, Parsons and Brown, 1981). S im i la r ly ,  exposure of  
c a t t l e  to pasture contaminated with salmonellas in s lu r ry  or sewage 
sludge (Taylor  and Burrows, 1971; Taylor,  1973; Kelly  and C o l l ins ,  
1981) has not resulted in in fec t ion  even when the dose ava i lab le  has 
been in excess of 10^/g of grass consumed. I t  i s ,  however, probable 
t h a t  c a t t l e  are in fe c te d  n a t u r a l l y  by much sm al le r  doses s ince
factors such as concurrent f a s c io l ia s is ,  parasi t ism,  ketosis,  
m e t r i t i s ,  m a s t i t is ,  c y s t i t i s ,  pneumonia, v i ra l  in fe c t ion ,  d ietary  
changes, pregnancy, food and water deprivat ion, and other stress 
f a c t o r s  such as freezing or wet weather or worming are known to lead 
to  increased s u s cep t ib i l i ty  (Buxton, 1960; Gibson, 1965; Brownlie 
and Grau, 1967; Woods, Hanson, Swenson and Rhoades, 1968; Tannock 
and Smith, 1972; Kahrs, Bentinck-Smith, Bjorck, Bruner, King and 
L e w i s ,  1972;  Baggs and M i l l e r ,  1974; Morse and Duncan, 1974;  
A i tk e n ,  Jones, Hall and Hughes, 1976; Wray and Sojka, 1977; Jones, 
Col l ins ,  Brown and Aitken, 1983).  Natural in fections have been 
described where animals are thought to have been infected with very 
smal l  doses,  p a r t i c u l a r l y  in  feed ( N i e ls e n ,  1 9 8 4 ) .  Thus a d u l t  
c a t t l e  in  3 d a i r y  herds were in fe c te d  from a component of  feed  
c o n t a i n i n g  less  than 3 S. mbandaka/g (Jones, C o l l i n s ,  Brown and 
Aitken, 1982).
The source of most outbreaks is probably animal-to-animal  
contact ,  although there are d i s t in c t  differences in the epidemiology 
of  the disease in adults and calves, and between serotypes.  
Infected c a t t le  may excrete up to 10^ salmonellas/g of faeces (Sojka,  
Thomson and Hudson, 1974; Jones, 1980; Jones, C o l l ins ,  Brown and 
A i tken ,  1983) and contamination of the environment in proximity to 
other c a t t le  by excreting animals w i l l  obviously be a potent source 
of in fec t ion .
Dairyv calves may become i n fe c te d  by contac t  w i th  t h e i r  dam, 
other calves, or the contaminated environment, and the co l lec t ion  of  
calves for  intensive rear ing, which involves transport  to markets and 
dealers'  premises, produces an ideal environment fo r  dissemination.  
When S. typhimurium gains a foothold in animals subjected to th is  
treatment i t  spreads so rapidly  that  en t i re  herds may become infected  
(Wray and Sojka, 1977). I t  is not surprising that  S. typhimurium.
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and p a r t ic u la r ly  mult ip ly  drug-resistant  types, such as phage-type 
204c, have become endemic in market-purchased calves both in the UK 
(Wray and Sojka, 1984) and in Europe (Pohl and Ghysels, 1984).
The manner in which animals in previously uninfected dairy herds 
become infected is more problematical,  and the source of infect ion  
may vary from serotype to serotype. The epidemiology of S. dublin 
in  d a i r y  herds w i l l  be discussed l a t e r .  The source o f  o ther
serotypes may include the purchase of infected stock (Wray and Sojka, 
1977),  contaminated feed (Richardson, 1975; Jones, C o l l ins ,  Brown
and Aitken, 1982),  polluted water supplies, the spreading o f
contaminated animal waste and human sewage sludge on pasture and
contamination of pasture by scavenging birds (Wi l l iams,  Richards and 
Lewis, 1976; W i l l i a m s ,  R ichards ,  Stephens and G r i f f i t h s ,  1977;
Johnston, MacLauchlan and Hopkins, 1979; Fenlon, 1981; Coulson, 
B u t te r f i e ld  and Thomas, 1983; Sharp, R e i l l y ,  L in k la te r ,  I n g l i s ,
Johnston  and M u l l e r ,  1 9 8 3 ) .  These, and o th e r  aspects o f  the
environmental spread of salmonellosis,  have been extensively reviewed 
by Wil liams (1975) ,  Wray and Sojka (1977),  Jones (1982) and Jones
(1984).
Salmonella dublin
Taxonomy and c la s s i f ic a t io n  of S. dublin
S. dublin has the typical biochemical reactions of  members of  
Salmonella subgenus I and with the antigenic formula 1^9 ,12:gp:- is a 
monophasic member of Kauffmann-White group D (Le Minor,  1984a).  I ts  
closest  neighbours are S. rostock (U 9 ,1 2 :g p u : - )  and S. naestved 
(X ,9 ,1 2 :g p s : - )  and i t  also has s im i la r i t i e s  with S. e n t e r i t i d i s ,  
(2_,9,12:gm:-) , S. blegdam ( 9 ,1 2 :gmq:-) and S. moscow ( 9 ,1 2 : g q : - ) .
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I t  d i f f e r s  from some other subgenus I serotypes by requiring  
n i c o t in i c  acid fo r  growth (Bayne and Thai,  1962), fermenting 
arabinose l a te  or i r r e g u la r ly  (Kauffmann, 1954; Kauffmann, 1966) and 
producing anaerogenic variants (Kauffmann, 1966; Walton and Lewis, 
1971).
Biotyping and phage-typing of S. dublin
Although recognised as a d is t in c t  serotype by White (1930) S. 
dub l in  was s t i l l  regarded as a sub-type of S. e n t e r i t i d i s  by Tesdal 
( 1 9 3 7 )  who d i f f e r e n t i a t e d  between s t r a in s  on the  bas is  of  t h e i r  
reaction in Stern's glycerol fuchsin broth. Henning (1939)
recognised var ia t ion  within S. dublin in glycerol fuchsin broth and 
in  fermentation of  arabinose and rhamnose, and Kauffmann (1941, 1951) 
d i f f e r e n t i a t e d  3 biotypes by t h e i r  reactions in these 3 media and in 
d u l c i t o l .  Typ ica l  S. d u b l in  s t r a in s  were p o s i t i v e  in  g lycero l  
fuchsin  a f te r  8 or more days incubation, fermented rhamnose, gave 
var iab le  reactions in dulc i to l  and were l a te  or i r r e g u la r  fermenters 
of  arabinose.  S. dublin var.  accra fermented arabinose and dulc i to l  
promptly while S. dublin var. coeln usually fermented rhamnose within  
2 to  4d and changed glycerol fuchsin in less than 8d. Hughes (1954) 
d i f f e r e n t ia te d  S. dublin var.  dawa, which was rhamnose negative, and 
Neel, Jorgensen, Le Minor and MacHoun (1953) extended the scheme by 
the use of xylose, and added the va r ie t ies  hessarak and teheran.
F o l lo w in g  the  in t r o d u c t io n  of  the l i v e  c a l f  vaccine s t r a i n  
(Smith, 1965),  renewed in te re s t  in biotyping as a means of  
d i f f e r e n t ia t in g  th is  stra in  developed in the UK, and Hall and Taylor
(1970) separated 17 biotypes on t h e i r  reaction and speed of  
fermentation in arabinose, d u l c i t o l ,  rhamnose, xylose and glycerol  
fuchsin broth. However, although s a t i s fa c t o r i l y  d i f f e r e n t ia t in g  the 
vaccine s t ra in ,  th is  scheme suffered the same def ic iency as previous
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schemes -  a l l  contained groups with var iable reactions or groups 
d i f fe r e n t ia te d  on the speed of fermentation of carbohydrates. This 
problem was resolved by Walton (1972) who u t i l is e d  the reaction of 
s t r a in s  on arabinose, rhamnose, trehalose and glycerol contained in 
SS agar, and recorded reactions a f te r  only 18h incubation to overcome 
the  p o s s ib i l i t y  of mutative fermentation. Walton distinguished 7 
biotypes (A to G) but although the vaccine stra in  was contained in 
group E which comprised 3.9 per cent,  of s t ra ins ,  71.0 per cent,  of  
strains belonged to a single biotype.
The vaccine stra in  was also d i f fe re n t ia te d  by Davies and Sojka
(1971) on the basis of phage s e n s i t i v i t y  and agglut ination in sal ine  
and a c r i f l a v in e ,  and by Walton and Hadfield (1975) who combined the  
b io ty p in g  scheme of  Walton (1972) with the reaction of s tra ins with 4 
rough/smooth and typing phages.
Two phage-typing schemes had previously been described by 
L i l 1 eengen (1950) and Smith (1951).  The former u t i l i s e d  8 phages to  
d i f f e r e n t i a t e  6 phage-types and 1 sub-type, while the l a t t e r  
distinguished 11 types with the use of 6 phages. However, both 
schemes suffered from having more than 60 per cent,  of  iso la tes  in 
the same group; no attempt to compare them was made and they were 
not put into  rout ine use.
More r e c e n t l y  a scheme was descr ibed by Cahan, Sechter  and 
G er ich ter  (1980) fo r  stra ins isolated in Israel which d i f f e r e n t ia te d  
15 phage-types on t h e i r  reactions with 11 phages.
D is t r ibu t ion  of S. dublin
S. d ub l in  is  pr imari ly  a pathogen of c a t t le  but i t  also causes 
disease in man (White, 1929a), sheep (Buxton, 1957),  pigs (Buxton,  
1957), horses (Smith and Buxton, 1951) and goats (Lev i ,  1949; 
G ib s o n ,  1 9 5 7 ) .  I t  has been i s o l a t e d  from foxes ( T e s d a l ,  1937;
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Edwards and Bruner, 1943),  dogs (Buxton, 1957; Mil s te in ,  1975),  rats  
(Buxton, 1957),  mink (Buxton, 1957; Hurvell ,  Lagerquist,  Rutqvist  
and Thai, 1969),  badgers (Wray, Baker, Gallagher and Naylor, 1977),  
beavers (Chervanev, 1978),  c h inch i l las ,  seals (Gunnarsson, Hurve l l ,  
Nordblom, Rutqvist and Thai,  1974),  mice (Jones and Twigg, 1976),  
guinea-pigs,  cats,  rabb i ts ,  zoo animals in the UK including camels, 
antelopes and g i r a f f e s  (S o jk a ,  Wray, Shreeve and Benson, 1 9 7 7 ) ,  
poult ry  (Buxton, 1957),  geese (Watson, 1960), pigeons (Thomas, 1961),  
and other birds including a canary, partr idge, rhea, crane and macaw 
(Buxton, 1957; Report, 1977; Report, 1982; Report,  1983).  This 
l i s t  is probably not inc lus ive .  Although i t  appears long i t  does 
not compare w ith  the e x te n s iv e  number of  animals from which the  
ubiquitous S. typhimurium has been isolated (Buxton, 1957).
The o v e r a l l  frequency o f  occurrence o f  S. d u b l in  in  animals  
other  than c a t t le  is very low. Between 1968 and 1974 in England and 
W a le s ,  o f  15 ,929 i s o l a t i o n s  o f  S. dub l in  97 per c e n t ,  were from 
c a t t l e ,  1.9 per cent, from sheep, 0.5 per cent,  from pigs,  0 .3  per 
c e n t . from poult ry ,  0 .1  per cent,  from horses and only 0 .2  per cent.  
from a l l  other species (Sojka, Wray, Shreeve and Benson, 1977).  By 
comparison 78.2 per cent,  of S. typhimurium isolates were made from 
c a t t l e , 18 .3  per cent, from poult ry ,  pigs and sheep and 3.5  per cent.  
from other animals.
S. dublin has been isolated from Europe, Asia,  America, Afr ica  
and Australasia (Henning, 1953a; Blood, Henderson and Radost its,  
1979) but i t s  d is t r ibu t io n  is patchy. I t  is endemic in most of  
Europe but appears to be absent from Finland (Wray^and Sojka, 1977) 
although common in neighbouring Sweden (Gunnarsson, Hurve l l ,  
Nordblom, Rutqvist and Thai, 1974).  I t  may also be absent from 
New Zealand (Wray and Sojka, 1977; Blood, Henderson and Radostits,  
1979) and has only recently been isolated in Canada (Nation,  1984)
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and become widely established in Austral ia  (Hughes and Jones, 1973; 
Davidson, 1973; Russell,  Malmo, Robinson and G raaf f ,  1973).  Even 
in  countr ies  where i t  is common the d is t r ibu t io n  is not uniform. In 
the UK i t  occurs predominantly in Wales and the South West 
(Hugh-Jones, 1970,  1971) and North West (Richardson and Watson,  
1 9 7 1 ) .  In Holland i t  is  conf ined in  ad u l ts  to  F r ie s la n d  and
O ver i jsse l  (F r ik ,  1969) while in Denmark i t  is common in North and 
West Jutland (Flensburg, 1984) and in the USA in C a l i fo rn ia  (Fox,
1974).
I t  is  thought that  th is  d is t r ib u t io n  may, in p a r t ,  be due to an 
association between S. dublin in fect ion  and in fe s ta t io n  of c a t t le  
with the l i v e r  f luk e ,  Fasciola hepatica (Schaaf, 1972; D i j k s t r a ,  
1973).  This may, however, be for tu i tous (Taylor and K i lp a t r i c k ,
1975) and merely indicate tha t  both are influenced by s im i la r  
climates and survive bet te r  in wet condit ions.
S. dublin in fect ion  in man
The s t r a i n  of  S. d ub l in  o r i g i n a l l y  s tudied by White ( 1929 a ,  
1930) was isolated from the blood of a patient with a fa ta l  fever  
supervening a f te r  a kidney operation (White, 1929a), and ear ly  
descriptions of the organism in humans often involved fa ta l  systemic 
in f e c t i o n s .  Many of these were sporadic infections in infants  and 
young chi ldren and usually involved fever ,  sometimes associated with 
the typical skin rash of typhoid, rather  than diarrhoea (Smith and 
Scott ,  1930; Smith, 1933; Smith, 1934).  S. dublin was isolated  
from the blood and cerebrospinal f lu id  rather than faeces and was 
thought to have a predi lect ion  for  the meninges (Pesch, 1926; 
Guthr ie  and Montgomery, 1939).  The source of in fec t ion  was thought 
to  be milk  and Smith and Scott (1930) examined s tra ins from e a r l i e r  
milk-borne outbreaks o r ig in a l ly  described as S. e n t e r i t i d i s  and found 
them to be S. dublin .
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The organism is also involved in milk-borne in fec t ions ,  often 
invo lv in g  several hundred cases which tend to occur as explosive 
outbreaks, often in the summer in rural areas where pasteurisat ion is 
not p ra c t is e d  (Savage, 1920; Souper,  Smith and Stephen,  1930;  
McAllan and Howie, 1931; Poppe, 1931; Conybeare and Thornton, 1938; 
Tulloch, 1939; Sutherland and Berger, 1944; Rankin and Slavin,  
1947; Report 1947a; Report 1947b; Pul l in g e r  and S c o t t -M i l l a r ,  
1945; McCall, 1953; Nystrôm, Karlsson and Menzing, 1964; Report 
1971; Small and Sharp, 1979a) but has only r a re ly  been associated 
with meat-borne infect ion (Henning, 1938; Catsaras and Sery, 1976). 
Th is  i s  s u r p r i s i n g ,  since u n t i l  r e c e n t l y  S. d u b l in  was the  most 
commonly isolated Salmonella from c a t t l e  (see l a t e r )  in England and 
W a le s ,  and from 1958 to 1967 accounted fo r  34 .5  per c e n t ,  of  
i s o la t io n s  from animals ( c a t t l e ,  sheep, poultry and pigs) but only 
0 .8  per cen t ,  of  human infections (McCoy, 1975).  Although S. dublin 
may be excre ted  from the  udder o f  in fe c te d  animals bulk  m i lk  is  
probably contaminated more often from infected faeces (Grunsell and 
Osborne, 1948).  Milk remains an important vehicle fo r  in fect ion  of  
the human population (McCoy, 1975) even though most is now 
pasteurised, and i t  is  surprising that  more S. dublin infections do 
not occur.  Most of the milk-borne outbreaks are r e l a t i v e l y  benign 
con s id er ing  the ear ly  history of the organism; i t  accounted for  less 
than  1 per  c e n t ,  of  i s o l a t i o n s  from man between 1976 and 1978 
( T h r e l f a l l ,  Hall and Rowe, 1979) and only 0.2 per cent,  in 1981 in 
the UK (Report,  1981) and 27 per cent,  of iso lat ions were from cases 
of septicaemia ( T h r e l f a l l ,  Hall and Rowe, 1979).
The p i c t u r e  is  s i m i l a r  in  o ther  European c o u n t r ie s  such as 
Belgium where i t  accounts for  40 per cent,  of in fect ions in c a t t l e  
and only 2 per cent,  in humans, but is considered to be a c lassic  
zoonosis (Pohl and Ghysel, 1984).
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S. dub l in  is  rare in c a t t l e  in the USA (Werner, Humphrey and 
Kamei, 1979) but i t s  prevalence in man has recently  increased from 
only 3 iso la t ions in 1963 to 103 in 1980 (Taylor ,  Bied, Munro and 
Feldman, 1982).  The increase was most marked in Ca l i fo rn ia  and 
Oregon,  and was associated w i th  raw m i l k ,  p o s s ib ly  from 1 d a i r y  
producer, although an increase was also noted in other states
(Taylor ,  Bied, Munro and Feldman, 1982; Werner, Humphrey and Kamei, 
1979; F ie r e r ,  1983). Cases occurred sporadically ,  usually in the 
e l d e r l y ,  were more often associated with fever than diarrhoea, and 
the organism was isolated from the blood of more than h a l f  of the 
p a t i e n t s .  Between 66 and 80 per cent,  of cases were admitted to 
hos p i ta l  and 19 to 21 per cent,  died (compared to the ra te  fo r  other  
s e r o t y p e s  o f  0 .5  per c e n t . ) Deaths u s u a l ly  occurred in  o ld e r  
pat ients  (average age 65) ,  p a r t ic u la r l y  those with concurrent chronic 
i l lnesses or immunosuppressed states such as leukaemia, lymphoma,
diabetes and peptic ulcer or those prescribed a n t ib io t i c s ,
cor t icostero ids  and antacids. These i l lnesses e i th e r  reduced the 
ef fect iveness of  the immune response or were associated with rapid  
stomach emptying, achlorhydria,  hypochlorhydria and changes in gut 
f l o r a .  Hypochlorhydria is known to predispose to both cholera and 
salmonellosis (Gray and Trueman, 1971; Nalin,  Levine, Levine,  
Hoover, Bergquist, McLaughlin, L ib o n a t i , Alam and Hornick, 1978; 
Nalin,  Levine, Rhead, Bergquist,  Rennels, Hughes, O'Donnell and 
Horn ick ,  1978),  probably by lowering the in fe c t iv e  dose and
a n t ib io t ics  have been shown to exacerbate pre-ex is t ing  in fect ions  
(Rosenthal,  1969) and have been used in laboratory animals to render 
them more susceptible to experimental in fect ion ( M i l l e r  and Bonhoff,  
1963).
These American observations should be compared with a recent  
outbreak in Scotland, where a large milk-borne outbreak caused at
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l e a s t  700 cases and S. dublin was isolated from 190. The age range
was 3d to  87 years and h a l f  were under 15 years of age. Only 3 of
the to ta l  were s u f f ic ie n t l y  i l l  fo r  hospita l isa t ion  and there were no 
deaths .  None of the 3 cases t reated in hospital gave posit ive blood 
c u l tu r e s  and Small and Sharp (1979b) thought t h a t  in a normal
popula t ion there was no evidence of unusual invasiveness or
l i f e - th re a te n in g  potential  on the part of S. dub l in .
S . d u b l i n  t h e r e f o r e  appears to  be a serotype which r a r e l y  
attacks man, or is associated pr imar i ly  with milk-borne outbreaks; 
although i t  involves large numbers of cases, they are usually not 
severe. I t  w i l l ,  however, produce fa ta l  systemic infections in
compromised ind iv iduals .  I t  is seldom associated with meat-borne 
i n f e c t i o n s  although i t  is  a common contaminant o f  carcasses at
a b a t t o i r s  (Buxton, 1957). This may indicate a low i n f e c t i v i t y  fo r
man. I t  may be transmitted successfully by milk since th is  can 
probably in fec t  with fewer salmonellas than other foods: i t s  high
f a t  content protects against gastr ic  acid and, since i t  is f l u i d ,  
m ilk  can pass out of the stomach rap id ly  (Werner, Humphrey and Kamei, 
1979).
S. dublin infect ion in c a t t le
U n t i l  supplanted by S. typhimurium with in the l a s t  decade, S. 
dublin  was the most important serotype involved in salmonellosis in  
c a t t l e  in the UK and i t  remains so within  some areas of the country 
and in various parts of the world (see above) and s t i l l  accounts fo r  
75 per cen t , of abortions due to salmonellas (Report, 1985).
D e ta i led  f i e l d  studies of S. dublin infections of c a t t l e  have 
been made by Field (1948),  Gibson (1961),  Frik (1969) and Richardson 
and Watson (1971) and the subject has been reviewed comprehensively 
by Hughes, Gibson, Roberts, Davies, Davies and Sojka (1971),  Hinton
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(1971b) and Wray and Sojka (1977).  The d i f f e r e n t  aspects of the 
disease were highlighted by Richardson and Watson (1971) who studied 
S. dub l in  infections on 223 farms and found that  dysentery in adults 
occurred on 41, abortion on 31 and c a l f  disease on 184. Since the 
d e c l in e  in  S. d ub l in  i s o l a t i o n s ,  these  propo rt ions  have changed 
(Report,  1984a) such that  in 1983 an approximately s im i la r  number of  
incidents in adults (190) and calves (194) were reported.
The disease in  calves is  s i m i l a r  to  t h a t  descr ibed  e a r l i e r  
although the peak incidence of in fect ion  with S. dublin is  at 4 weeks 
o f  age compared to  3 weeks f o r  S. typhimurium (R e p o r t ,  198 4a ) .  
Calves from dams infected with S. dublin may be infected from b i r th  
(Richardson,  1973a; Hall and Jones, 1979; H a l l ,  Jones and Aitken,
1976) and these and other young calves are p a r t ic u la r l y  l i k e l y  to 
succumb to septicaemia rather  than e n t e r i t i s .  The sever ity  and 
d u r a t i o n  of  c l i n i c a l  signs is  o f te n  r e l a t e d  to  th e  standard of  
husbandry and hygiene (Hughes, Gibson, Roberts, Davies, Davies and 
Sojka ,  1971; Heard, Jennett and Linton, 1972).  Calves, even those 
showing enter ic  signs, may only excrete in te rm i t te n t ly  (Gibson, 1961) 
and although act ive carriage may develop ( G i t t e r ,  Wray, Richardson 
and Pepper, 1977) excretion usually ceases within a few weeks of  
c l in ica l  recovery (F ie ld ,  1959) so that  infect ion in c a l f  units is  
u s u a l ly  s e l f  l im i t in g  by 6 weeks of age (Heard, Jennett and Linton,  
1972; Linton, Howe, Pethiyagoda and Osborne, 1974; Osborne, Linton  
and Pethiyagoda, 1974; Linton, Timoney and Hinton, 1981).  
Except iona l ly ,  animals may remain infected from the neonatal period 
to adulthood (Lawson, McPherson, Laing and Wooding, 1974).
The disease in adu l t  c a t t l e  d i f f e r s  from o th e r  serotypes in  
b e in g  as much a g e n i ta l  as an e n t e r i c  i n f e c t i o n ,  and is  o f te n  
prec ip i ta ted  by d e b i l i t a t in g  factors such as recent ca lv ing ,  
under-feeding and fasc io l ia s is  (Richardson, 1975). Abortion may
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occur as a sequel to  t y p i c a l  s a lm o n e l lo s is ,  in the absence of  
c l i n i c a l  signs or preceded only by a period of pyrexia (Hinton 1971b; 
Hughes, Gibson, Roberts, Davies, Davies and Sojka, 1971; Hinton,
1973 ) .  Hinton (1974) found tha t  in 110 cases of abortion th is  was
the only sign in 86.
Abortion in the absence of  other c l in ica l  signs was reproduced 
ex p er im en ta l ly  by Hall and Jones (1976).  They demonstrated that  the 
organism established in the cotyledons of the placenta, often in the
v i r t u a l  absence o f  i n f e c t i o n  o f  o ther  t i s s u e s .  Growth in  the
placentome was followed by placental destruction which resulted in 
hormonal changes which i n i t i a t e d  abortion (Hall and Jones, 1977).  
S. d u b l i n  grows to  h igher  l e v e l s  ( i n  excess of  10^^ /g )  in  the  
cotyledons than in other t issues but th is  predi lect ion  is not due to 
a growth promoting e f fec t  of meso-erythritol  (Hinton, 1972) as in 
Brucella abortus infect ions (Smith, Wil l iams, Pearce, Keppie, 
Harris-Smith, FitzGeorge and W i t t ,  1962) nor to the presence of other  
growth promoting substances (Wray and Corbel, 1980).
Animals which abort may do so without excreting the organism in 
t h e i r  faeces, although obviously vaginal swabs are usually pos it ive  
and S. dublin  can be read i ly  isolated from the foetus, foeta l  f lu id s  
and placenta (Hinton, 1977).  In contrast ,  animals recovering from 
c l in ica l  e n t e r i t i s  or septicaemia almost invar iab ly  excrete the 
organism fo r  many years and perhaps fo r  l i f e  (F ie ld ,  1948; Gibson, 
1961;  S o jka ,  Thomson and Hudson, 19 7 4 ) .  These animals which 
excrete continuously or in te rm i t te n t ly  can usually be detected by 
bacteriological  examination of faeces. This form of excretion may 
also develop in animals which have not shown c l in ic a l  signs (Hughes, 
Gibson, Roberts, Davies, Davies and Sojka, 1971) although Fr ik  (1969)  
suggested that  th is  only occurs in cases of concurrent f a s c i o l i a s is .  
S . d u b l i n  is  c h a r a c t e r i s t i c a l l y  present  in the g a l l  b la d d e r  and
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alimentary contents without necessari ly colonising the rest of the 
an im a l .  An increase in s u s cep t ib i l i t y  of f luke infested animals to 
S. dublin ,  possibly associated with reduced neutrophil  funct ion, was 
demonstrated experimentally by Aitken,  Jones, Hall and Hughes (1976),  
A i tk e n ,  Jones, H a l l ,  Hughes and Coll is  (1978) and Aitken, Hughes, 
Jones, Hall and Coll is (1978),  and animals which survived 
experimental in fect ion became typical  persistent  excretors.  
However, persistent  excretors which were not infested with l i v e r  
f luke  have been detected following natural and experimental in fect ion  
(Aitken, Jones, H a l l ,  Hughes and Brown, 1981). S im i la r ly ,  Hassam, 
K h a l i fa ,  Jawad, Al-Ani and Razak (1983) found that  salmonellosis and 
f a s c i o l i a s i s  in Iran occurred independently and there was no 
difference in the iso la t ion  rate  of S. dublin from f luk e - in fes ted  and 
f lu k e - f r e e  c a t t le  or sheep.
Richardson and Watson (1971) reported that  S. dublin in fect ion  
was more prevalent on f luke- in fes ted  farms and a reduction of  S. 
dublin occurred as f luke in fect ion  declined in Holland ( D i jk s t r a ,
1973).
Pers istent  excretors are obviously a source of in fec t ion  for  
o t h e r  c a t t l e  and c a lv e s .  However, although the  source o f  c a l f  
in fect ion is assumed to be adult  c a t t l e ,  the major ity  of infected  
calves examined by Richardson and Watson (1971) were home-bred on 
farms where there was no c l in ic a l  evidence of adult  salmonellosis.  
This appears to be character is t ic  of the disease (Gibson, 1961) and 
has led to a search for other sources of in fe c t ion .  Many of the 
i n f e c t i o n s  occur in closed herds; other sources of in fect ion  such as 
animal feed and in fe c te d  b i rd s  do not apply to a hos t -adapted  
serotype such as S. dublin and although contaminated streams (Hughes, 
Gibson, Roberts, Davies, Davies and Sojka, 1971; Hooper, 1970) may 
be implicated th is  gap in the epidemiology is usually explained by
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the existence of ' l a te n t  c a r r i e r s ' .  According to Richardson (1973a) 
S. dublin in fect ion  is mainly l a te n t ,  but is activated p a r t ic u la r ly  
at  p a r t u r i t i o n ,  and the b i r th  of congeni tal ly  infected calves to 
l a t e n t  car r ie rs  or to cows which excrete S. dublin in te rm i t ten t ly  
would explain the occurrence of disease in calves on farms where 
searches fo r  act ive carr ie rs  are unsuccessful. Certa in ly  i t  is 
possible to detect greater numbers of excretors by bacter iological  
examination of faeces taken at calving (Richardson and Watson, 1971; 
Counter and Gibson, 1980) and surveys have revealed animals which 
although found to contain S. dublin at necropsy (Watson, Wood and 
Richardson, 1971) were not detected as excretors by previous 
examinations. However, i t  has not been possible to create such 
animals by experimental inoculations and serological tes ts  fo r  t h e i r  
detection have been s ingular ly  unsuccessful. Serum agglut ination  
t e s t s  may detect a proportion of ac t ive ly  infected animals (F ie ld ,  
1959; McCaughey, McClelland and Hanna, 1971; Hinton, 1973; Lawson, 
McPherson and Wooding, 1974; H a l l ,  Jones, Aitken and Parsons, 1978) 
but  they  do not d e tec t  l a t e n t  c a r r i e r s  (R ichardson ,  1973b) and 
a n t i g l o b u l i n  t e s t s  (Lawson, McPherson and Wooding, 1974; Wray, 
Callow, Sojka and Jones, 1981),  ind irec t  haemagglutination tests  
(Wray, Morris and Sojka, 1975; Smith, Harvey and Hebert,  1977) and 
complement f ix a t io n  tests (Lawson, McPherson and Wooding, 1974) are 
s i m i l a r l y  unsuccessful, although they may be useful in detecting  
ac t iv e  carr ie rs  and infected herds. Delayed hypersensi t iv i ty  skin 
t e s t s  can distinguish vaccinated from control calves (Richardson and 
P a r k e ,  1975) and are a r e l i a b l e  means o f  d e t e c t in g  s y s te m ic a l ly  
infected animals, but they may also detect recovered animals (A i tken,  
Hall and Jones, 1978).
An a l te rn a t iv e  source of in fect ion  in these problem herds was 
suggested by Williams (1980) who described 5 cases of dermatit is  on
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the arms of veter inary surgeons. Since many veter inary  surgeons 
were known to perform obstetr ic  manipulations without using gloves 
Wil l iam s thought that  many herds could be infected in th is  manner and 
Gibson (1980) described an outbreak of S. typhimurium infect ion  which 
was possibly transmitted by th is  method. A s im i la r  ro le  might be 
ascribed to a r t i f i c i a l  inseminators (Brooks, 1980) although most 
evidence, p a r t ic u la r ly  from f i e l d  studies would favour the la te n t  
c a r r ie r  hypothesis.
In contrast to S. dublin ,  in fect ion  with other serotypes does 
not appear to resu l t  in the production of act ive or l a te n t  c a r r ie rs .  
Adult  c a t t l e  usually excrete fo r  a maximum of  a few weeks fol lowing  
in fe c t io n  and excretion that  is detected for  longer periods probably 
r e f le c ts  recontamination from the environment (Wray and Sojka, 1977),  
although the establishment of  'exo t ic '  serotypes fo r  periods of up to  
a year have been reported (Richardson, 1975; Taylor and Davies,  
197 9 ;  Jones, C o l l i n s ,  Brown and A i t k e n ,  1 9 8 3 ) .  S i m i l a r l y ,  S. 
saint-paul  was retained in the t issues of calves fo r  up to 8 weeks 
a f t e r  they had apparently stopped excreting (Aitken, Brown, Jones and 
Coll ins ,  1983).
Control of bovine salmonellosis
Attempts to control salmonellosis in c a t t le  have involved the  
use o f  s t r i c t  hygiene measures, an t ib io t ics  and vaccinat ion,  e i th e r  
s in g ly  or in combination. Measures to prevent the introduction of  
salmonellas to previously uninfected herds and to prevent the spread 
of  in fe c t io n  within herds were described by Fie ld  (1949),  Gibson 
(1961 ,  1 9 6 5 ) ,  Hughes, Gibson, Rober ts ,  Dav ies ,  Davies and Sojka  
(1971) ,  Richardson (1975),  Wray and Sojka (1977) and Blood, Henderson 
and Radost its  11979). All have stressed the necessity of preventing 
the  in t r o d u c t io n  of  i n f e c t i o n  to  closed herds by,  f o r  example,
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quarantine of 'bought-in'  stock and using piped water supplies, and 
o f  l i m i t i n g  the  spread o f  i n f e c t i o n  by segregat ion  of  in fe c te d  
animals, by using an ' a l l - i n ,  a l l - o u t '  batch c a l f  rearing system so 
th a t  buildings can be adequately d is in fected ,  and making sure calves 
obtain s u f f ic ie n t  colostrum.
Codes o f  p r a c t i c e  have a lso  been recommended to  prevent  the  
in t roduct ion  and spread of in fect ion  by the pract ice of spreading 
farm wastes (Jones, 1980) or human sewage sludge (Jones, 1984) on 
pasture intended for  grazing.
Treatment with an t ib io t ics
There is less agreement on the usefulness of an t ib io t ics  
although these have been used in c a t t l e  fo r  prophylaxis, treatment  
and growth st imulation fo r  almost 4 decades. A n t ib io t ic  therapy in 
uncomplicated gas troen ter i t is  in humans has not been recommended for  
more than 30 years. Therapy does not shorten or otherwise a l t e r  the  
c l i n i c a l  course of in fect ion  (MacDonald, Friday and McEacharn, 1954) 
and has frequent ly  been shown to prolong the length of  post­
convalescent excretion (Dixon, 1965; Rosenstein, 1967; Aserkoff and 
B e n n e t t ,  1969; C lem ent i ,  1 9 7 3 ) .  However, t h e r a p e u t i c  use of  
a n t ib io t ics  may be j u s t i f i e d  in disease in c a t t le  where the organism 
of ten  becomes systemic, and where the m orta l i ty  ra te  in untreated  
animals may be high. Wray and Sojka (1977) reviewed reports on the  
use o f  a n t i b i o t i c s  in c a t t l e ,  many o f  which were s u b je c t i v e  and 
indicated that  many veter inary surgeons use 2 or more an t ib io t ics  in  
an outbreak, the commonest combination being chloramphenicol by 
in jec t ion  and furazolidone by mouth. However, there are serious 
reservat ions about the use of the former in view of i t s  potential  
importance fo r  use in human typhoid and the possible implicat ions of  
the development of resistant  s t ra in s ,  and Osborne, Nazer and Schimeld 
(1978) recommended the use of amoxyci l l in .
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The prophylactic use of a n t ib io t ics  has been advocated for  many 
years although Heard, Jennett and Linton (1972),  who fed preventive 
l e v e l s  of  furazolidone to calves, observed that  i t  did not a l t e r  the 
course of the disease in animals already infected and Hughes, Gibson, 
Roberts, Davies, Davies and Sojka (1971) thought that  a n t ib io t ics  had 
no part to play in the prevention of salmonellosis.
These observations were in contrast to those of Jones, Co ll ins ,  
Brown and Aitken (1983) and Aitken, Brown, Jones and Coll ins (1983) 
who observed that  treatment of S. saint-paul infected calves with 
am pic i l l in  and o xy te t racyc l ine reduced m orta l i ty  and the number of  
persistent  excretors, and l im i ted  the spread of in fect ion  by reducing 
the  number of organisms excreted. Other authors have suggested that  
although bringing about a c l in ic a l  cure the use of an t ib io t ic s  does 
not necessari ly produce a bacter iological  cure (Dingeldein and 
Wachendtirfer, 1971; Sojka, Thomson and Hudson, 1974; Aitken, 1984a) 
and Hughes, Gibson, Roberts, Davies, Davies and Sojka (1971) 
suggested that  the increase in the prevalence of S. dublin in England 
and Wales during the 1960s may have resulted from the survival of  
act ive carr ie rs  following successful c l in ic a l  treatment.
I t  i s ,  however, in te res t ing  to consider a recent report from 
Czechoslovakia (Simko, 1982) tha t  withdrawal of antimicrobial  agents 
(c h lo r te t racy c l in e ,  zinc b ac i t rac in ,  furazolidone) from feeds in 
Slovakia was accompanied by an increase in incidence of salmonellosis.
In a d d i t io n  to the p o s s ib i l i t y  of an increase in the carr iage of  
salmonellas due to the use of a n t ib io t ic s ,  t h e i r  administration in 
animals at therapeutic le v e ls ,  and more p a r t ic u la r ly  at 
sub-therapeutic levels  as growth promoters, has led to concern that  
they may lead to the development of a res is tan t ,  or more ser iously ,  a 
multi p ly - re s is tan t  f lo ra  which may f ind i t s  way into  the human food 
c h a in .  This view was expressed by Smith (1968) who thought that  the
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feeding of small amounts of a n t ib io t ics  to domestic animals had led 
to the emergence of drug res is tant  s t ra ins .  Subsequently, only 
those an t ib io t ics  which are r e l a t i v e l y  unimportant in human medicine 
were authorised fo r  use in animal feeds fol lowing the report of the 
Swann Committee in the UK (Report,  1969).  However, the e f fects  of  
th is  prohib i t ion  were somewhat negated by an increased use of some 
a n t i b i o t i c s ,  such as streptomycin, at therapeutic levels  (Smith, 
1973) and Bennett (1980) s t i l l  thought that  the use of  an t ib io t ics  in 
animals selected fo r  a n t ib io t ic  res is tant  s tra ins .
This f i e l d  of opinion is  too vast to cover adequately here and 
has been extensively reviewed previously (Smith, 1966; Walton, 1966; 
L ok en ,  Wagner and Henke, 1971; L in to n ,  Howe and Osborne, 1975;  
Linton, 1983) and the emergence of drug res is tan t  s t ra ins ,  
p a r t i c u la r l y  belonging to various S. typhimurium phage-types, such as 
204c,  has been described by Wray and Sojka (1977) and Sojka and Wray 
( 1 9 8 0 ) .  Should resistance develop under the pressure of  the use of  
a n t ib io t ic s  such resistant  st ra ins could contaminate the human 
population or t ransfer  R-plasmids to the human col iform f lo r a .  
However, as convincingly argued by Lacey (1984) "resistance to 
an t ib io t ic s  in 'human' cultures has la rge ly  been selected by the use 
of a n t ib io t ics  in human medicine".
The control of salmonellosis in calves and u l t im ate ly  in the 
human population is a question of preventing primary in fect ion  in the 
c a l f  and c o n t r o l l i n g  spread to  the human pop u la t io n  by hyg ien ic  
measures (Richmond, 1980). Control of salmonellosis is essent ia l ly  
a public hea lth,  not a therapeutic  problem (Lacey, 1984).
Vaccination
Prevent ion of salmonellosis by vaccination has been attempted 
since the l a te  nineteenth century when Wright (1896) described the
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use of k i l l e d  S. typhi c e l ls  in humans, and the ear ly  history of 
vaccine development was reviewed by Harvey (1929) and White (1929a).  
Subsequently, l i v e ,  attenuated, and dead ce l ls  have been used, 
u s u a l l y  u t i l i z i n g  the mouse as a model,  and a l a r g e  number of  
p u b l ic a t io n s  has debated the  r e l a t i v e  importance o f  humoral and 
cel l -m ediated  Immunity in resistance to typhoid and salmonellosis in 
animals and man. Immunity, which probably depends on both humoral 
and c e l l u la r  responses (C o l l in s ,  1971),  has recently  been reviewed by 
Eisenstein and Sultzer  (1983) and w i l l  not be reviewed fu r ther  here.  
These l a t t e r  authors concluded that  the r e la t i v e  contribution of  
c e l lu la r ,  versus humoral immunity and the e f f icacy of various vaccines 
was s t i l l  u n c e r ta in ,  and suggested t h a t  the major v a r ia b le s  in  
in te rpre t ing  the results of d i f f e r e n t  workers were the genetic 
var ia t ion  in mouse stra ins used and the route of in fec t ion  employed.
The ro le  of vaccination in the prevention of salmonellosis in 
c a t t l e  has been reviewed by Wray and Sojka (1977).  Live and dead 
vaccines have been used and attempts have been made to protect calves 
a c t i v e l y ,  and passively by t rans fe r  of maternal antibody via  
colostrum. Thus in the UK both l i v e  and inact ivated vaccines are 
a v a i l a b le  (Ai tken,  1984b) while in the USA only dead cell  
p repara t ions  are used (Jacks, 1978).  The dead vaccine in use in the 
UK is a fo rm a l in -k i l le d  preparation of S. dublin and S. typhimurium 
which a lso  contains E. col i  but data on i t s  e f f icacy  is  not ava i lab le  
(A i tke n ,  1984b).  Other formalinised preparations, inoculated
p a r e n te r a l ly ,  have been used successfully in calves by Cameron and 
Puls (1976)  and Ba irey (1978)  although these were found to  be 
i n e f f e c t i v e  when inoculated e i th er  o ra l ly  or paren tera l ly  by Smith, 
Habasha, Reina-Guerra and Hardy (1980).  Intradermal inoculat ion of  
h e a t -k i l le d  ce l ls  was found to be successful by Aitken, Jones and 
Brown (1982) who reported that  th is  method gave be t te r  protection to
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calves challenged with S. dublin than that  induced by sub-lethal  
doses of l i v e ,  v i ru len t  c e l l s .  S im i la r ly  B a l je r ,  Hoerstke, Dirksen 
and Mayr (1982, 1983) vaccinated calves o ra l ly  with repeated doses of  
heat- inact iva ted  and disrupted c e l l s ,  and found that  local in test ina l  
immunity,  which could be correlated wih the production of a n t i -0  
antibody in in tes t ina l  secretions, was responsible fo r  protect ion.
Most investigators have, however, believed that  cell-mediated  
immunity is necessary to provide sol id  protection and the major ity  of  
recent attempts at vaccination have u t i l i s e d  l i v i n g ,  attenuated 
c e l l s .  These have e i th er  been natura l ly -occurr ing aviru lent
s t r a in s ,  laboratory derived or mutated s t ra in s ,  or more recently  
genet ical ly-engineered s t ra ins .  Thus Botes (1964, 1965) and Cameron 
and Fuls (1976) found rough S. typhimurium stra ins more useful than 
k i l l e d  c e l ls  and Smith (1965) tested a part-rough S. dublin s t ra in  
which,  al though v i r u l e n t  in mice,  was of  reduced v i r u le n c e  f o r  
calves. This stra in  (351) ,  which proved successful in protecting  
c a l v e s  a g a in s t  S. dub l in  and S. typhimurium (R ank in ,  T ay lo r  and 
Newman, 1967) was made ava i lab le  as the commercial vaccine 'Mellavax'  
which is  s t i l l  in use. Calves are normally vaccinated paren tera l ly  
1 week a f te r  b i r th  and remain protected, fol lowing the development of  
cel lu lar- immunity  (Chaturvedi and Sharma, 1981),  fo r  up to 3 months 
(Sluzeweska and Truszczynski, 1974).  The vaccine has performed well 
in  f i e l d  t r i a l s  (Z i jderve ld ,  Z i jderve ld  and F r ik ,  1984).  I t  may 
not,  however, protect against a heavy challenge dose (Tadjbakhche and 
Osborne, 1978; Z i jderve ld ,  Z i jderveld  and Fr ik ,  1984) unless the 
v a c c in e  dose is increased to  a le v e l  at  which i t  is  p o t e n t i a l l y  
v i r u l e n t .  I t  may also be more v i ru le n t  in stressed animals (Ai tken,  
1984b) ,  may aggravate pre-exist ing enter ic  and respiratory  disease 
(Sluzeweska and Truszczynski, 1974) and may, r a r e ly ,  resu l t  in 
anaphylactoid reactions following vaccination (Burka and Scarnel l ,  
1978).
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Another group of  rough vaccine s t r a i n s ,  w ith  a block in the  
enzyme uridine-diphosphate-galactose-4-epimerase, were developed by 
G erm a n ie r  (1970 ,  1972) and Germanier and FUrer ( 1 9 7 1 ) .  These 
authors demonstrated that  rough mutants of  S. typhimurium were 
av i ru len t  but poorly immunogenic. However,
gal actose-4-epimeraseless (Gal E) mutants, which were rough in v i t r o  
due to  an i n a b i l i t y  to produce smooth-type 1ipopolysaccharide, were 
smooth and immunogenic in vivo when galactose was supplied 
exogenously.  Although smooth they were av iru lent  in vivo because of  
a r e s t r ic t io n  in colonisation due to galactose induced bac te r io lys is .  
Gal E mutants have been used successfully in humans (Germanier and 
FÜrer,  1975; Gilman, Hornick, Woodward, DuPont, Snyder, Levine and 
Libonat i ,  1977),  sheep (Je l inek ,  Robertson and M i l l a r ,  1982),  poultry  
(Suphabphant, York and Pomeroy, 1983; Wray, Sojka, Pritchard and 
M o rr is ,  1983) and calves (Wray, Sojka, Morris and Brinley Morgan, 
1 9 7 7 ) .  Unfortunately,  t h e i r  use in calves was associated with the 
presence of renal lesions in vaccinated animals, and although these 
were probably not produced by the vaccination (Wray, Sojka, Pri tchard  
and Morris ,  1983) the p o s s ib i l i t ie s  of these mutants have not been 
explo i ted.
Two other vaccine st rains which depend upon l im i ted  rep l ic a t ion  
in  the  host have recently  been developed and tested in Germany and 
the USA. The f i r s t  is a non-virulent  and non-reverting
streptomycin-dependent s t ra in  of S. dublin (Meyer, Hartmann, 
Steinbach, Koch, K i t t l i c k ,  Stelzner  and Linde, 1973) which is 
normally administered o r a l ly ,  da i ly  fo r  lOd, although i t  may also be 
used less successfully parentera lly  (Meyer, Hartmann, Steinbach,  
Koch, K i t t l i c k ,  Linde, L t i f f le r ,  E r le r ,  Flossman, Feist  and Shulz,  
1977; Meyer, Steinbach, Hartmann, Hauke, Koch, Ste lzner ,  Linde,  
Schmerbauch and Kiupel , 1977). I t  protects against both S. dublin
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and S. typhimurium in fec t ion ,  probably by inducing an in tes t ina l  
immunity which prevents challenge organisms becoming systemic 
(Steinbach,  Koch, Meyer and Hartmann, 1981; Steinbach, Meyer and 
Koch,  1983;  S te inbach ,  Meyer ,  Koch and Heilmann, 1 9 8 5 ) .  This  
vaccine under the product name 'Bovisaloral '  (Dessau) has undergone 
c l in ic a l  t r i a l s  and is now used commercially in the German Democratic 
Republ ic (Meyer, 1980). I t  suf fers from the obvious disadvantage of 
i t s  method of administration and may not protect calves once the 
challenge organism becomes bacteraemic (Steinbach, Meyer, Koch and 
Heilmann, 1985).
The second series of stra ins are genetic constructs,  de f ic ien t  
in  t h e  syn thes is  o f  c e r t a i n  aromat ic  compounds, produced in  the  
USA by Hoise th  and Stocker (1981)  and g e n e r a l l y  known as Aro A" 
s t ra in s .  These strains are unable to synthesise chorismate from 
which p-aminobenzoic acid, a precursor of f o la t e ,  and 
dihydroxybenzoate, a precursor of  enterochel in ,  are produced. In 
the  absence of p-aminobenzoic acid and dihydroxybenzoate, which are 
not found in mammalian t i s s u e s ,  they  w i l l  not grow. An Aro A" 
s t r a in  of S. typhimurium protected mice (Hoiseth and Stocker,  1981) 
and calves (Robertsson, Lindberg, Hoiseth and Stocker,  1983) when 
administered o ra l ly  and was more protect ive than inact ivated  
vaccines, even though the l a t t e r  induced a greater antibody response 
(Lindberg and Robertsson, 1983).  The s t ra in  is usually administered 
ÉS 2 oral or 2 intramuscular inoculations in calves at 2 and 3 weeks 
of  age. Such calves are protected when challenged at 5 weeks of age 
(Sm ith ,  Reina-Guerra, Hoiseth, Stocker, Habasha, Johnson and M e r r i t ,  
1984) and the S. typhimurium s tra in  successfully protected against an 
S. dublin challenge (Smith, Reina-Guerra,  Stocker, Hoiseth and 
Johnson, 1984a),  while a s imi lar  S. dublin construct also protected  
aga inst  an S. typhimurium challenge (Smith, Reina-Guerra,  Stocker,
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H o is e th  and Johnson, 198 4b ) .  The only d isadvantages o f  these  
stra ins are that  not a l l  constructs are protect ive  (Smith, 
Reina-Guerra,  Hoiseth, Stocker,  Habasha, Johnson and M e r r i t ,  1984) 
and t h a t  they may not produce a rapid immunity able to protect  calves 
vaccinated at 1 week and challenged at 3 weeks of age (Zygraich,  
C h a r i i e r ,  Dobrescu and Descamps (1984).  Their principal  advantage 
is  t h e i r  s a fe ty .  They do not establ ish in the host,  do not cause 
side-e f fec ts  and are genet ica l ly  stable.
L ive  and inactivated vaccines have also been used to vaccinate  
p r e g n a n t  cows in  an at tempt to  t r a n s f e r  immunity v ia  co lostrum.  
Henning (1953c) and Royal, Robinson and Duganzich (1968) reported  
posit ive results  but these were not confirmed by Rankin and Taylor  
(1970) or Smith, Habasha, Reina-Guerra and Hardy (1980) ,  and even i f  
successful the presence of  maternal  ant ibody may i n t e r f e r e  w ith  
response to act ive vaccination (Henning, 1953c; Ingram and 
Malcomson, 1970).
In summary, vaccines.may have an important ro le  to play in the  
prophylaxis of bovine salmonellosis but t h e i r  use cannot, at  present,  
be a s u b s t i t u t e  f o r  good hygiene and husbandry (Wray and So jka ,  
1977).
The pathogenicity and virulence of salmonellas
Al l  serotypes of Salmonella are generally thought to be 
pathogenic fo r  man, animals or both and y e t ,  although the inherent  
propert ies  of the organisms which may determine t h e i r  pathogenicity  
have been e x t e n s iv e ly  s tu d ie d ,  the importance of  many o f  these  
f a c t o r s  in the disease process is  not c l e a r l y  understood.  The 
disease process is  obv ious ly  m u l t i  f a c t o r i a l  and i t  is  t h e r e f o r e  
d i f f i c u l t  to iden t i fy  individual 'v irulence determinants ' ,  f i r s t l y  
because of the number and complexity of the steps in disease
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production and secondly since factors involved in an in vivo 
phenomenon are of  necessity usually studied in v i t r o  (Smith, 1980a).
I t  has long been recognised that  strains of Salmonella vary in 
t h e i r  v i r u l e n c e  and i t  has been suggested t h a t  v i r u le n c e  v a r ie s  
between the  serotypes, both in the same and in d i f f e r e n t  animal hosts 
(Wilson and M i les ,  1975).  Strains grown in the laboratory are often  
less v i ru len t  than freshly isolated st ra ins (White,  1929b; Henning, 
1953b) and th is  was a t t r ibuted  to var iat ions in colonial  morphology 
determined by the 'roughness' of ce l ls  (Arkwright,  1927; Wilson,  
1930) .  I t  has since been shown that  th is  is re lated to the length  
of  the 1ipopolysaccharide which specif ies the 0 antigen composition 
of  Salmonella c e l l s .  Rough forms which have los t  these normally 
polymeric side chains, or in which t h e i r  length is reduced, have 
reduced virulence in the mouse (Roantree, 1967).  Since the 
virulence of stra ins can be a l tered by substi tuting spec if ic  0 groups 
(V a l to n e n ,  1970; Smith and P a rs e l l ,  1974) th is  may, in pa r t ,  explain 
var iations in virulence between serotypes. The mechanism is not 
f u l l y  understood but may be re lated to the a b i l i t y  of  ce l ls  to adhere 
to  and penetrate the i le a l  mucosa (Tannock, Blumershine and Savage,
1975) or to  r e s i s t  the b a c t e r i o c i d a l  e f f e c t s  o f  complement and 
phagocytosis by macrophages (Liang-Takasaki,  Saxen, Mâkelâ and Leive,  
1983; Liang-Takasaki,  Grossman and Lieve, 1983).
S im i la r  importance may also be attached to other surface
antigens. The possession of f l a g e l l a ,  e i th e r  functional or
non-funct iona l ,  has recent ly  been shown to enhance the growth or
survival of S. typhimurium in murine macrophages (Weinstein,
C a r s i o t i s ,  Lissner and O'Brien, 1984).  The capsular Vi antigen was 
once thought to be associated with the virulence of S. typhi (Wilson 
and M i le s ,  1975) but t h i s  a n t ig e n ,  which also occurs on o th e r  
serotypes such as S. dublin (Le Minor and N ico l le ,  1964),  occurs on
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aviru lent  s t ra in s .  S im i la r ly ,  f imbriae are undoubtedly important 
virulence-determinants in some pathogenic bac te r ia ,  such as the 
K88-positive stra ins of E. col i  (Jones and Rutter ,  1972),  but t h e i r  
ro le  in attachment of salmonellas has created considerable 
controversy, although they are probably important in oral i n f e c t i v i t y  
(Duguid, Darekar and Wheater, 1976).
S imilar  controversy surrounds the role  of cer ta in  Salmonella 
t o x i n s .  I t  has long been known that  k i l l e d  salmonellas may s t i l l  be 
l e th a l  for  animals, p a r t ic u la r ly  when in jected parentera l1 y in 
s u f f i c i e n t  concentrations (White,  1929a),  and th is  can be a t t r ibuted  
to the l i p i d  A of gram-negative 1 ipopolysaccharide (endotoxin).  
However, the d i rec t  t o x i c i t y  of  endotoxin is  not a primary 
determinant of pathogenicity since endotoxins from non-pathogenic 
s t r a in s  are in general as toxic  as those from pathogens (Wilson and 
M i le s ,  1975).  I t  may, however, be involved in reactions leading to  
many o f  the  more obvious signs and symptoms of salmonellosis. There 
is less agreement on the role  and existence of Salmonella exotoxins.  
Such tox ins ,  generally cal led enterotoxins, have been shown to be 
involved in the pathogenesis of diarrhoea and dysentery caused by 
s h ig e l la s ,  v ibr ios and enterotoxigenic E. col i  (Sack, 1975; Raskova 
and Raska, 1980) and since one of the signs of salmonellosis may be 
diarrhoea attempts have been made to define a s im i la r  ro le  fo r  a 
Salmonella enterotoxin (Giannella ,  Formal, Dammin and Co l l ins ,  1973).  
Such a tox in ,  which is neutral ised by cholera a n t i - to x in  (Jiwa and 
Mansson, 1983) has been pur i f ied  by Finkel s te in ,  Marchlewicz,  
McDonald and Boesman-Finkelstein (1983).  According to Jiwa (1981) 
such a c t i v i t y  is  w ide ly  d i s t r i b u t e d  amongst sa lm onel las  but i t s  
relevance in the pathogenesis of salmonellosis is s t i l l  to be 
determined.
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Other factors which may be important re la te  to the a b i l i t y  of
the organism to grow in the host or to evade the defence mechanisms 
of  the host. Thus the in vivo growth ra te  may determine the degree 
o f  i n i t i a l  colonisation and stra ins with a slow growth rate  may be at 
a disadvantage, and auxotrophic st rains which presumably grow slowly 
are often less v i ru len t  than t h e i r  parent st rains (Bacon, Burrows and 
Yates ,  1951; Formal, Baron and Spil lman, 1954; Smith and Tucker,
1 9 7 6 ) .  S im i la r ly  virulence may be re la ted  to the a b i l i t y  of stra ins  
to sequester iron in competition with the iron binding proteins of
the host (Yancey, Breeding and Lankford, 1979),  or to re s is t  the
bacter ioc ida l  e f fe c t  of normal serum (Rowley, 1954; O i l in g ,  1977; 
Moll ,  Manning and Timmis, 1980).
Many of these properties may possibly be encoded on plasmids 
(Broda, 1979) and an association between virulence and the possession 
of  c e r ta in  large plasmids has recently  been suggested in several
Salmonella serotypes (Jones, Rabert,  Svinarich and W h i t f ie ld ,  1982; 
Terakado, Sekizaki,  Hashimoto and Naito,  1983; Helmuth, 1984; 
Baird, Manning and Jones, 1985).  The mechanism probably involves 
the invasive a b i l i t y  of stra ins and may be re la ted  to serum 
res is tance and the possession of outer membrane proteins (Jones, 
Rabert, Svinarich and W h i t f ie ld ,  1982; Helmuth, 1984),  but has yet  
to  be e lucidated in d e t a i l .  I t  should however be stressed tha t  many 
of  these factors have been discovered using in fect ion  of the mouse as 
a model,  p a r t ic u la r ly  with S. typhimurium and may not be relevant  in 
the natural host or with other serotypes such as S. d ub l in .
This represents merely a b r i e f  out l ine  of factors which may be
involved in virulence and pathogenicity and the re la t ionsh ip  to the
b io lo g ic a l  properties of salmonellas and t h e i r  e f fe c t  in the host.
w il l  be discussed in greater detai l  in subsequent sections.
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Objectives 
The objectives of th is  work were:
1) To determine the r e la t i v e  importance of salmonellas and 
p a r t ic u la r ly  S. dublin as a cause of disease in calves.
2) To c h a r a c t e r i s e  w i l d - t y p e  S. dub l in  s t r a in s  and a t tempt  to  
e luc ida te  methods by which they may be distinguished from each 
other.
3) To determine the var ia t ion  in virulence of iso lates of S. dublin  
in  mice.  To compare mouse virulence with vi rulence fo r  rats  
and calves and to determine character is t ics  of the st ra ins which 
are associated with vi rulence.
4) To i n v e s t i g a t e  methods o f  p revent ing  s a lm o n e l lo s is  in  young 
calves.
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SECTION 1 . A survey of outbreaks of diarrhoea in calves associated 
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Introduction
The number of  d isease outbreaks from which salmonel las  are  
i s o l a t e d  is  reported  ann u a l ly  f o r  England and Wales using data  
obtained under the Zoonoses Order. However, information is not 
ava i lab le  on the frequency of in fect ion  of c a l f  premises or calves,  
or the importance of salmonellas compared to other agents thought to 
be involved with e n t e r i t i s  in the c a l f .
A search fo r  salmonellas in cases of c a l f  e n t e r i t i s  was thus 
made as part of  a m u l t id is c ip l ina ry  invest igat ion of the frequency of  
occurrence of several accepted or potent ial  enteropathogens of calves.
Samples from calves in the main survey were collected by Dr. D. 
Reynolds (IRAD) and Mr. J.  Morgan (IRAD). Dr. D. Reynolds 
invest igated samples for  rotaviruses and coronaviruses. Dr. J.
Bridger (IRAD) for  Newbury Agent, Dr.  N. Chanter (IRAD) fo r
' enteropathogenic Escherichia c o l i ' , Mr. J .  Morgan fo r  Campylobacter 
and Mr.  J .  Morgan and Dr.  D. Burden (IRAD) f o r  Cryptospor id ium .  
S t a t is t ic a l  analyses were carr ied out by Mrs. K. Bunch (IRAD).
Materials and Methods
Outbreaks of disease
Ve ter inary  surgeons and Veterinary Invest igat ion Centres were 
asked to no t i fy  IRAD of outbreaks of  diarrhoea in calves up to 6
weeks of age. Farms were then e i th er  v is i ted  by Dr.  D. Reynolds or
Mr. J.  Morgan, who removed faeces samples from diarrhoeic and normal 
c a l v e s ,  or samples of  faeces were taken by the lo c a l  v e t e r i n a r y  
surgeon and despatched by post. One hundred and four farms were 
investigated between October 1981 and September 1984. The locat ion  
of the farms is shown in Fig. 1. In addit ion,  a l l  calves which were 
'bought-in'  from a local market to 1 c a l f  rearing unit  (farm 9 in
4Fig. 1 D is tr ib u tio n  o f farms sampled.
O Salmonella not isolated 
•  Salmonella isolated
Cm
o O
O*
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Table 2) were swabbed on arr iva l  and, subsequently, rectal  swabs were 
taken from calves which suffered diarrhoea on th is  farm.
Isolation and id e n t i f ic a t io n  o f  salmonellas
Samples of faeces were transferred to swabs in the laboratory.  
Salmonellas were is o la te d  by enr ichment  c u l t u r e  of  r e c t a l  swabs 
(2 /an imal)  in 10ml volumes of Rappaport broth (RAPP) (Rappaport,  
Konfort i  and Navon, 1956) and selen i te  b r i l l i a n t  green broth (SBG; 
D i f c o ) .  The RAPP cultures were incubated at 37°C and the SBG at  
43°C and plated onto modified b r i l l i a n t  green agar (Oxoid CM 329) 
containing 120mg/& sulphadiazine (BGSD) a f te r  24 and 48h incubation.  
Plates incubated at 37°C were examined a f te r  24 and 48h and 
non-lactose and non-sucrose fermenting ba c te r ia ,  resembling 
salmonellas in colony morphology, were id e n t i f ie d  biochemically  
according to the method of Buchanan and Gibbons (1974) and 
sero logical ly  according to the method of  Kauffmann (1972).  The 
biochemical id e n t i f ic a t io n  was s impli f ied  by use of Micro-ID  
i d e n t i f i c a t io n  k i t s .  In an attempt to exclude the S. dublin l i v e  
vaccine s t ra in  (Mellavax) a l l  S. dublin isolates were tested for  
agg lu t ina t ion  in 1/1000 neutral a c r i f la v in e  ( s l i d e - t e s t ) ,  and acid 
production from arabinose, rhamnose, trehalose and glycerol in SS 
agar (Walton ,  19 7 2 ) .  I s o l a t e s  o f  S. typhimuriurn were k in d l y  
phage-typed by Dr. B. Rowe (PHLS, Col inda le ) .
Examination of faeces for  other organisms
Faeces samples were tested for  the presence of  coronavirus and 
rotav irus  by enzyme-linked immunosorbent assay (Reynolds, Chasey, 
Scott and Bridger,  1984).  Other viruses were detected by d i re c t  
electron microscopy of faeces.
1E. col i  were isolated on MacConkey agar and enterotoxigenic E. 
col i were id e n t i f ie d  by subculture on TGX agar (Orskov, Orskov, 
Smith and Sojka, 1975) and s l ide  agglut ination fo r  K88, K99 and F41 
adhesins (Chanter,  1982; Chanter, 1983).
Campylobacters were isolated on Skirrow's medium (Skirrow, 1977) 
modified with the addit ion of twice the recommended concentrations of  
a n t i b i o t i c s  and the a d d i t io n  of  amphoter ic in  B, or Preston agar  
(Bolton and Robertson, 1982) and Preston agar with lOyg/ml na l id ix ic  
a c id .  Isolates were id e n t i f ie d  according to the method of Skirrow 
and Benjamin (1980a; 1980b).
Cryptosporidia were detected in faecal smears f ixed in methanol 
and stained with Giemsa.
Results
Isolat ion of  salmonellas
One thousand six hundred and t h i r t y  two samples were examined 
f rom c a lv e s  on 104 farms and salmonel las  were i s o l a t e d  from 130 
samples from 19 farms (Table 1 ) .  The 1632 samples tested included 
900 samples from 85 farms from which salmonellas were not iso la ted .  
The number of samples pos it ive ,  serotypes isolated and types of farm 
from which salmonellas were isolated is shown in Table 2.  
Salmonellas (p r im ar i ly  S. typhimurium) were isolated from 19 farms
approximately equally divided between c a l f  rear ing and dairy  
en te rp r ises .  The geographical d is t r ib u t io n  of pos it ive  farms is
i l l u s t r a te d  in Fig.  1.
Two farms were of par t icu la r  in te re s t .  F i f t y  one iso lates were 
obtained from farm 9 (a c a l f - rea r in g  enterpr ise)  over a 2.5 year
period during which 247 faeces samples were examined. Four
d i f f e r e n t  phage-types of S. typhimurium were iso la ted .  Phage-type
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Table 1 . Iso la t ion  of salmonellas from calves
Farms examined 104
Salmonella posit ive  farms 19 (18.3 per cent .)
Samples examined 1632
Salmonella posit ive samples 130 (8.1 per cent .)
Serotypes isolated:  S. typhimurium 15
S. dublin 4
S. indiana 1
S. newport 1
S. in fan t is  1
S. agama 1
Table 2.  Salmonellas iso lated from calves on 19 farms
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Farm Farm type Samples 
exami ned
Samples
posit ive
Percentage of  
samples 
posit ive
Serotype(s) isolated
10
11
12
13
14
C
C
C
c
and D
5
2
11
5
11
12
1
28
247
7
28
31
6
222
1
2
7
2
1
2
1
13
51
1
12
7
3
17
20
100
64
40
9
17
100
46
21
14
43
23
50
S. indiana 
S. typhimurium,
S. typhimuri
S. dublin 
S. typhimuri
S. typhimuri
S. typhimuri
S. typhimurium.
S. typhimuri
S. typhimuri
S. typhimuri
S. typhimuri
S. agama 
S. typhimuri
S. typhimuri
S. dublin 
S. typhimuri
um.
um.
um.
um.
um.
um
um.
um.
um.
um.
um.
S. typhimurium 
S. dublin 
S. newport 
S. in fant !s
32
49
49
204c
49
204
204
204a
204c
RDNC
49
204a
10
204a
15 C and D 10 1 10 S. typhimurium. 12
16 C and D 24 6 25 S. typhimurium. 49
17 S 22 1 5 S. dublin
18 M 8 1 13 S. typhimurium. 104
19 M
Total
22
702
1
130
5
19
S. typhimurium. 49
D = da iry  farm; G = c a l f  rearing un i t ;
S = Single-suckled beef un i t ;  M = Mult iple-suckled beef u n i t .  
Numbers a f te r  S. typhimurium indicate  the phage type.
204c which was a n t ib io t ic - r e s is ta n t  was isolated at the beginning of  
the  survey. This was eventually removed by de-stocking and a r ig id  
hygien ic  programme. The c a l f  units were steam cleaned a f te r  which 
S. typhimurium 204c was s t i l l  isolated from environmental samples. 
Following fur ther  steam cleaning and washing with d is in fec tan t  the 
organism was no longer detectable in the environment but was isolated  
from the  next batch of calves introduced to the un i ts .  Although i t  
is  not certa in  that  th is  was the resu l t  of environmental 
contamination th is  phage-type was not isolated from the calves on 
a r r i v a l .  Subsequent batches of  ca lves  (20 or 30 /b a tc h )  were 
examined on a r r iv a l  and 3 fu r the r  serotypes, S. typhimurium ^ i S. 
agama and S. b inza  were i s o l a t e d  (Tab le  3 ) .  Sa lmonellas were 
subsequently isolated from 36 (19.7 per c e n t . ) of 183 calves which 
developed diarrhoea and from 1 of 109 c l i n i c a l l y  normal calves.
Farm 14 was a large estate comprising 3 da ir ies  and a d is t in c t  
area f o r  'bought-in'  calves. These l a t t e r  were swabbed on a rr iva l  
and 3 o f  the 4 serotypes isolated were from th is  source. The fourth  
(S.  i n f  ant is )  was detected in diarrhoeic calves in 1 of  the da iry  
units and i t s  or ig in  was not determined.
Comparison between the occurrence of salmonellas and other  
microorganisms
A t o t a l  o f  490 faeces samples from diarrhoeic calves on 45 farms 
were examined fo r  the fu l l  range of microorganisms. Samples were 
only included from calves with diarrhoea collected within 48h of  
onset and before any treatment was given. The detection ra te  is 
shown in Table 4.  Salmonellas were isolated from 12 per cent,  of 
d i a r r h o e i c  ca lves in 24 per c e n t ,  o f  ou tbreaks .  E s tab l ished  
enteropathogens (not including Campylobacters) could not be detected 
in almost a th i rd  (31 per cen t .)  of diarrhoeic calves examined.
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Table 3 . Iso la t ion  of salmonellas from batches of calves 
on a r r iva l  at farm 9
Batches of calves examined: 27
Salmonella posit ive  batches: 10 (37.0 per cent .)
Number of calves examined: 650
Salmonel1 a posit ive  calves: 13 (2 .0  per cent .)
Serotypes isolated:  S. typhimurium -  9 calves
S. agama -  3 calves
S. binza -  1 c a l f
Of the 10 posit ive  batches 8 contained only 
1 S. typhimurium infected c a l f ;
1 contained 3 S. agama posit ive  calves and 
1 contained 1 c a l f  infected with S. typhimurium and 
1 c a l f  infected with S. binza.
Table 4 . Detection of 8 microorganisms in outbreaks and cases of  
c a l f  diarrhoea
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Outbreaks Diarrhoeic calves
Organism Samples^* 
posit ive
Percentage 
of samples 
posit ive
Posit ive* Percentage
posit ive
Rotavirus 42/45 93.3 208/490 42.4
Coronavi rus 25/45 55.6 69/490 14.1
Cali c i - l i k e  viruses 11/43 25.6 14/132 10.6
Cryptosporidium 23/44 52.3 106/465 22.8
Salmonella 11/45 24.4 58/490 11.8
K99+ E. col i 2/45 4.4 9/310 2.9
Campylobacter fetus 22/44 50.0 92/463 19.9
Campylobacter je juni 38/44 86.4 165/463 35.6
*  Organism detected in at least  1 faeces sample.
+ Number positive/number tested.
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In 37 o f  the outbreaks samples were taken from normal calves of  
sim i lar  age to the calves with diarrhoea and a comparison between 
i s o l a t i o n  r a t e s  from h ea l th y  and d i a r r h o e i c  ca lves  was prepared  
(Table 5 ) .  Salmonellas were isolated from 12 per cent,  of 
diarrhoeic compared to only 3 per cen t , of normal calves (p <0.001) .
Salmonellas were associated with an outbreak of  severe dysentery 
on 6 farms. Single cases of typical salmonellosis occurred in 3 
outbreaks while in a fur ther  2 outbreaks salmonellas were detected 
with  o ther  agents as part of a diarrhoea problem where dysentery and 
pyrexia were not recorded.
The mean age of 47 infected calves fo r  which data was ava i lab le  
was 17.2d with a range of 2 to 31d.
The re  was a c o r r e l a t i o n  between the type  of  farm and the
iso la t ion  of salmonellas from diarrhoeic calves. Diarrhoea v/as more 
l i k e l y  to  be assoc ia ted  w i th  sa lmonel las  in u n i ts  ( c a l f - r e a r e r ,  
m u l t ip ie -s u c k le r )  where large numbers of calves were purchased from 
markets (Table 6; but see also Table 2 ) .
Preliminary discussion.
The survey reported above is the f i r s t  occasion on which the
proportion of  cases of e n t e r i t i s  in calves associated with
salmonellas has been reported. Salmonellosis is a serious disease 
of calves with a m or ta l i ty  ra te  as high as 60 per cen t . (Hughes,
Gibson, Roberts, Davies, Davies and Sojka, 1971) so the occurrence of  
th is  agent in approximately one quarter of outbreaks in th is  survey 
of unselected outbreaks of diarrhoea indicates that  i t  is s t i l l  an 
economically important condit ion and may be the most important 
e n t e r i c  pathogen in c a l f  rearing uni ts .  This may be p a r t ic u la r l y  
t r u e  since the results probably represent an underestimate of the 
number o f  incidents in which salmonellas are in fac t  involved. For
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Table 6 . C o r re la t io n  of  farm type to frequency o f  de tect ion
of  salmonellas in dTarrhoeic calves
Farm type Cal f
rearer
(n=10)
Dai ry 
(n=25)
Sin g le ­
suck 1er
(n=5)
M ult ip le -
suckler
(n=3)
S i gni f icance  
P
Percentage  
of  calves  
pos i t i v e
21 0 11 <0 . 0 0 1
6 0
practical  reasons rectal  swabs of the conventional type were used in 
t h i s  survey while i t  has often been reported that  iso la t ion  is more 
successful from fresh faecal samples ( G i t t e r ,  Wray, Richardson and 
P e p p e r ,  1977; G r0 ns t01 , Osborne and Peth iyagoda,  1974; So jka ,  
Thomson and Hudson, 1974) or by the use of large calcium a lg inate  
swabs (Lin ton,  Howe, Pethiyagoda and Osborne, 1974; Richardson and 
Fawcett,  1973).  S im i la r ly ,  calves with c l in ic a l  salmonellosis may 
only excrete the organism in te rm i t te n t ly  (Gibson, 1961) to the extent  
that  Richardson and Fawcett (1973) isolated S. dublin from only 45 
per cent,  of  animals subsequently found posit ive  at necropsy. 
Samples were only taken from calves with diarrhoea and th is  may not 
be a feature  of a l l  salmonellosis outbreaks which may present, for  
example, septicaemia or pneumonia as the main diagnosis (Gibson, 
1961; Wray and Sojka, 1977).  On the other hand some of the calves 
from which salmonellas were isolated were probably passive carr ie rs  
( R i c h a r d s o n ,  19 7 3 a ) .  This problem could have been overcome by 
q u a n t i t a t iv e  rather  than q u a l i ta t iv e  examination of faecal samples 
(Jones, C o l l ins ,  Brown and Aitken, 1983) but,  as with the use of  
rectal  swabs, th is  was.not p r a c t ic a l .
Recent data is  not a v a i l a b l e  on the p ro p o r t io n  o f  farms or  
indiv idual  animals infected with salmonellas although 1,618 and 1,962 
(178 /m i l l ion  head) incidents were reported in c a t t le  in 1982 and 1983 
respect ive ly  (Report, 1983; Report, 1984a).  Although th is  survey 
cannot r e f l e c t  a t rue incidence since only farms on which diarrhoea  
was reported were sampled (although diarrhoea is  probably a 
continuous problem on most farms) the f inding of 12 per cent,  of  
calves on 24 per cent, of farms to be infected is d is turb ing ly  high.  
The f i g u r e  is  h igher  than the  11 per c e n t ,  o f  farms from which 
salmonellas were reported by Jones and Matthews (1975) who examined 
s lu r r y  samples which they considered to be a more r e l i a b le  method of
6 1
assessing incidence than the swabbing of individual animals (Jones 
and H a l l ,  1975).  They are,  however, consistent with the incidence 
of  4 . 3 - 1 4 . 3  per cent,  in healthy calves reported to be infected on 
slaughter at abatto irs  (Wray and Sojka, 1977).
The proportions of serotypes isolated (S. typhimurium 65 per 
c e n t . , S. dublin 17 per c e n t . , others 17 per c e n t . ) are remarkably 
s i m i l a r  to  those reported  under the  Zoonosis Order f o r  1983 ( S . 
typhimurium 70 per c e n t . , S. dublin 24 per c e n t . , others 6 per c e n t . ; 
Report, 1984a) and confirm the decline in importance of S. dublin 
since 1969 when th is  serotype was responsible for  89 per cent,  of a l l  
inc iden ts  in c a t t l e  (Sojka, Wray, Shreeve and Benson, 1977).  The 
i s o l a t i o n  o f  S. typhimurium r a t h e r  than S. d ub l in  may have been 
s l i g h t l y  favoured by the location of the farms, the major ity  of which 
were outside the areas in which S. dublin is endemic (Report,  1983; 
Report, 1984a) .
The phage-types of S. typhimurium isolated were also as would 
have been expected. All but 2 were from the 10 most frequently  
i s o la te d  types. I t  was only surprising that  type 49 was more common 
than the  204 group. .T h is  cannot be explained, p a r t ic u la r l y  since 4 
of the  6 iso lates were from dairy  farms. Although one of the S. 
dub l in  iso la tes  was from the same biotype as the l i v e  vaccine s t ra in  
a l l  were smooth and therefore normal wild-types.
The corre la t ion  between salmonellosis and farm type is important 
(Table  6 ) .  The organism is obviously favoured by the present system 
o f  c a l f  market ing  and r e a r in g  o f  ca lves away from t h e i r  farm of  
o r i g i n .  In th is  survey 21 per cent, of calves on multip ie-suckl  er  
b e e f  u n i t s  were in fe c te d  compared to  only 1 per c e n t ,  o f  d a i r y  
c a lv e s .  However, reference to Table 2,  which includes data from a l l  
of the farms, c lea r ly  demonstrates that  many dairy  farms also have 
s a l m o n e l l o s i s  problems. The ad u l t  d a i r y  cow may s t i l l  be the  
original source of infect ion .
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The overall  percentage of calves infected was only 12 per cent.  
although the f igu re  was obviously higher in many units where 
salmonel losis was indicated as the cause of the diarrhoea. This is 
low compared to the observation of Jones, Co l l ins ,  Brown and Aitken
(1983) tha t  100 per cent,  of calves in 2 dairy herds became infected
with  S. saint-paul and 79 per cen t . were excreting within 72h of  
b i r t h .  However, the calves examined here were older and not usually  
exposed to  the same level of environmental contamination. The mean 
age f o r  disease in calves has been reported as 4 weeks fo r  S. dublin
and 3 weeks for  S. typhimurium (Report,  1984a; Gibson, 1961).  The
mean age determined here was s l ig h t ly  less (17 .2d ) .  Although the
vast  m ajor i ty  of salmonellosis incidents occur in calves under 6 
weeks of age the true Salmonella incidence may have been distorted by 
l i m i t i n g  the survey to calves under th is  age, since as many as 20 per 
cen t ,  of incidents,  p a r t ic u la r ly  of S. dublin in fe c t io n ,  occur in 
older calves (Report, 1984a).
The i n v e s t i g a t i o n  on farm 9 of  the  p ro p o r t io n  of  batches of  
'market-purchased' calves infected with salmonellas gives valuable  
c o n f i r m a t i o n  o f  e a r l i e r  r e p o r ts  and i n d ic a te s  t h a t  the t re n d  o f  
i n f e c t i o n  due to c a l f  marketing practices has not been reversed.  
Although only 2 .0  per cent,  of 'market-purchased' calves were 
in fe c te d ,  37 per cen t . of 27 batches contai ned Salmonel1 a excretors  
and the organism spread to cause disease on the rear ing farm. This 
compares with the 1 per cent,  of infected calves reported by Rankin, 
Tay lor  and Burrows in 1969 and the 1.4 per cent,  of calves in 7 of 25 
'market-purchased' batches (28 per c e n t . ) reported by the same 
authors the fol lowing year (Rankin, Taylor and Burrows, 1969; 
Rankin,  Taylor and Burrows, 1970).  The only d i f ference with the 
passage of time is the replacement of S. dublin by S. typhimurium as 
the principal  c u lp r i t .  More recently Osborne, Linton and
o 3
Pethiyagoda (1974) reported an in fect ion  rate  of 3 per cent,  amongst 
calves sampled at the farm of o r ig in ,  and only 3 of 18 batches did 
not contain excreting calves. The size of the batches in th is  case 
was much la rger  than those reported here and th is  may account for  the 
g r e a te r  number pos it ive .  In fec t ion  on the c a l f  units spread from 
the  3 per cent,  of calves and reached a peak during the second week 
when 5.5 per cent, of calves were excreting (Osborne, Linton and 
Pethiyagoda, 1974; Linton, Howe, Pethiyagoda and Osborne, 1974).  
In the present survey 12.7 per cent,  of calves eventual ly  excreted 
the organism and, in contrast to these e a r l i e r  reports ,  which 
involved S. dublin,  excretion of S. typhimurium v/as almost 
exclusively associated with disease.
More than 1 potential  enteropathogen was often iso lated both
from individual calves and from d i f f e r e n t  calves in the same herd.  
The pathogenesis of mixed infections was not studied and the e f fe c t  
of a combination of agents cannot be determined from these resu l ts .  
However, the role of concurrent infect ion in predisposing to 
salmonel losis  has been described above and may have been a fac tor  in
several of the outbreaks invest igated.  These results  also
i l l u s t r a t e  that  the iso la t ion  of salmonellas from a diarrhoeic animal 
is usually confirmation of the cause. However, once salmonellas 
have been isolated from diseased calves i t  should not be assumed that  
al l  cases of e n t e r i t i s  diagnosed subsequenly have the same aet io logy.
I t  may thus be concluded tha t  salmonellosis is s t i l l  an 
important cause of disease in calves and the incidence of in fec t ion  
has probably increased during the la s t  decade. However, even on 
farms where salmonel las have become e s ta b l is h e d  i t  is  unwise to  
assume that a l l  calves showing signs of disease are suffer ing from 
salmonel losis .  S. typhimurium has now replaced S. dublin as the
most frequently isolated and important serotype although S. dublin  
may s t i l l  be regarded as a problem.
C4
SECTION 2
65
SECTION 2 . Characterisation of st rains of Salmonella dublin
Page no,
Introduction 68
Materia ls and Methods 68
Strains of  Salmonella 68
Preliminary id e n t i f ic a t io n  of st rains 77
Gram's stain 77
Serological id e n t i f i c a t io n  77
Biochemical id e n t i f ic a t io n  77
Growth tests 78
Growth requirements 84
Carbon sources 86
M o t i l i t y  86
Production of sl ime-walls 87
Haemolysis 87
Fermentation of carbohydrates 87
Other biochemical tests 91
Growth rate  91
Ant ib io t ic  s e n s i t iv i t y  92
Resistance to bovine serum 92
Resistance to bacteriophage 94
Phage-typing of S. dublin 95
Production o f  bacteriocins 95
Possession of plasmids 96
Haemagglutinins of S. dublin 97
Production of enterotoxin 99
Results 100
Preliminary id e n t i f ic a t io n  100
Growth tests 107
G6
Page no.
Resistance tests 117
Maximum growth temperature l i y
Growth requirements 124
Carbon sources 12 8
M o t i l i t y  128
Production of sl ime-walls 132
Haemolysis 132
Fermentation of carbohydrates 132
Other biochemical tests 142
Growth ra te  142
A nt ib io t ic  s e n s i t iv i ty  143
Resistance to bovine serum 149
Resistance to bacteriophage 153
Phage-typing of S. dublin 158
Production of bacteriocins 162
Possession of plasmids 162
Haemagglutinins of  S. dublin I 67
Production of enterotoxin ]72
Preliminary discussion 175
Preliminary id en t i f ic a t io n  175
Growth and resistance tests 176
Growth requirements 179
Carbon sources I 82
Biochemical tes ts ,  carbohydrate fermentation and biotypes 183 
Phage-typing 186
The detection of rough st rains 187
A n t ib io t ic  resistance 189
Serum s e n s i t iv i ty  190
Growth rate  193
07
Page no
Possession of plasmids 193
Haemagglutinins 196
Production of bacteriocins 198
Production of enterotoxin 198
General discussion 199
G8
Introduction
Since the d i f f e r e n t ia t io n  of S. dublin from S. e n t e r i t id is  by 
White (1930) the ro le  of the former in disease of c a t t le  has been 
extensively studied. Less information is ava ilable  on the
d i s t i n c t i v e  biochemical features of the organism and although 
biotyping and phage-typing schemes have been suggested they are not 
very usefu l ,  since the major ity  of strains f e l l  in the same bio-  or 
p h a g e - t y p e .  S i m i l a r l y ,  p r o p e r t i e s  which may c o n t r ib u t e  to  the  
virulence of the organism have not been c le a r ly  established.
The purpose of th is  study was to assess the degree of  
morphological, biochemical and physiological var ia t ion  within the 
serotype to determine character is t ics  which may be useful in 
i d e n t i f i c a t i o n  and which could be c o r r e l a t e d  w i th  v i r u le n c e  f o r  
laboratory animals and c a t t l e .
Materia ls and Methods
Strains of Salmonella
The s t r a in s  o f  Salmonel1 a used are shown in Tables 7 and 8 . 
The animal species or environmental sources from which they were 
i s o la te d  is  shown in Table 9.  Twenty seven stra ins (1,  2 ,  4 -21 ,  
2 3 -2 5 ,  121, 153-155) were received in f reeze-dr ied  ampoules, 3 (3 ,  
2 2 ,  2 6 )  as f ro zen  suspensions in 0 .85  per c e n t ,  (w /v )  s a l i n e ,  6 
(132-137) in ge la t in  stab cu l tures ,  and the others on nutr ient  agar 
or Dorset egg slopes.
On a r r i v a l  s t r a in s  were in o cu la ted  onto blood agar (bovine  
blood,  5 per cent,  in nutr ient  agar) and incubated at 37°C for  18h to  
check f o r  pur i ty .  Several colonies were then emulsif ied in 0.85 per 
c e n t . (w/v) sal ine and spread over the surface of 5 nutr ient  agar 
(NA; nu tr ien t  broth No. 2,  Oxoid CM67, 25g, Bacto agar (Di fco) 18g,
Table 7* D e ta i ls  of  the s t ra in s  o f  Salmonella dublin used
G a
Stra in
number Sou roe Country Species Comments
1 H.W. Smith UK Laboratory
der ived
Vaccine s t r a in  
(Smith,1965)
2 M. Hinton UK Bovine (adu l t ) Abort ion
3 P. Jones UK Bovine ( c a l f )
4 R. Tay lor UK Bovine ( c a l f )
5 R. Taylor UK Bovine ( c a l f )
6 M. Hinton UK Bovine (adu l t ) Abort ion
7 II UK II 11
8 11 UK II II
9 11 UK II II
10 P. Jones UK C a t t l e  s lu r r y (Jones and Matthews,  
1975)
11 II UK II
12 II UK II II
13 II UK II
14 II UK II
15 11 UK II
16 11 UK II II
17 11 UK II
18 11 UK II
19 II UK II
20 11 UK II
21 P. Jones UK Guinea-pig
22 Reading VIC UK Bovine (a d u l t ) Abort ion
23 P. Jones UK Bovine ( c a l f )
24 P. Jones UK Bovine (adu l t ) Abort ion
25 Reading VIC UK Bovine (a d u l t ) Abort ion
26 Reading VIC UK Bovine ( c a l f )
27 Leeds VIC UK Bovine ( c a l f )
28 Th irsk  VIC UK Bovine (ad u l t )
29 11 UK Bovine ( c a l f )
30 II UK 11
31 11 UK 11
32 11 UK 11
70
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33 Carmarthen VIC UK Bovine ( c a l f )
34 Lincoln VIC UK 11
35 Lincoln VIC UK 11
36 Langford VIC UK Bovine ( c a l f )
37 II UK Bovine (adu l t )
38 11 UK Bovine ( c a l f )
39 Shrewsbury VIC UK Bov i ne ( c a l f )
40 Bangor VIC UK Bovine (a du l t )
41 Aberystwyth VIC UK Bovine (adu l t )
42 Aberystwyth VIC UK Bovine ( c a l f )
43 II UK 11
44 II UK 11
45 11 UK 11
46 11 UK Bov i ne (adul t )
47 11 UK Bov i ne ( c a l f )
48 II UK 11
49 11 UK 1II
50 11 UK Bovine (adul t )
51 II UK 11 ’
52 II UK 1II
53 11 UK Bovine ( c a l f )
54 II UK. 1II
55 II UK Bovine (adul t )
56 11 UK Bov i ne ( c a l f )
57 II UK Bovine ( c a l f )
58 C a r d i f f  VIC UK. Bovine Ccalf)
59 Thirsk  VIC UK Bovine ( c a l f )
60 Bangor VIC UK Bovine ( c a l f )
61 Aberystwyth VIC UK Caprine (a d u l t )
62 Loughborough VIC UK Bovine ( c a l f )
63 Loughborough VIC UK Ovine (adu l t )
64 Aberystwyth VIC UK Ov i ne (abort ion
65 11 UK Guinea -pig
Abort ion
Abort ion
Abort ion
Table 7 contd.
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.ra i n 
imber Source Country Species
66 Aberystwyth VIC UK Caprine (adul t
67 11 UK Bovine ( c a l f )
68 Bangor VIC UK Bovine ( c a l f )
69 Thirsk  VIC UK Bovine ( c a l f )
70 Shrewsbury VIC UK Bovine ( c a l f )
71 Shrewsbury VIC UK 11
72 Bangor VIC UK 11
73 Leeds VIC UK 11
74 Langford VIC UK Bovine (a du l t )
75 II UK Ovine (adul t)
76 II UK Bovine (a du l t )
77 Shrewsbury VIC UK Bovine ( c a l f )
78 Newcastle VIC UK 11
79 11 UK 11
80 11 UK Bovine (a du l t )
81 II UK Bovine ( c a l f )
82 Liverpool VIC UK Ovine (adu l t )
83 Northampton VIC UK Bovine ( c a l f )
84 Reading VIC UK Bovine ( c a l f )
85 11 UK Bovine ( c a l f )
86 11 UK. Bovine ( c a l f )
87 Bangor VtC UK Bovine ( c a l f )
88 Norwich VIC UK Bovine ( c a l f )
89 II UK Bovine Cadult)
90 II UK Bovine [a du l t )
91 11 UK Bovine [ c a l f )
92 II UK II
93 11 UK II
94 II UK
95 11 UK II
96 11 UK II
97 11 UK II
98 P. Jones UK Bovine ( c a l f )
Comments
Abort ion
Abort ion
Abort ion
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99 B. Rowe, PHLS UK
100 II UK
101 II UK
102 11 UK
103 11 UK
104 II UK
105 II UK
106 11 UK
107 II UK
108 II UK
109 11 UK
110 11 UK
111 II UK
112 II UK
113 11 UK
114 II UK
115 II UK
116 II UK
117 II UK
118 II UK
119 P. Jones UK
120 P. Jones UK
121 NCTC UK
122 J. F ie re r USA
123 II USA
124 II USA
125 11 USA
126 II USA
127 II USA
128 II USA
129 II USA
130 II USA
131 11 USA
Human
Bovine ( c a l f )  
Laboratory derived  
Bovine 
Human
NCTC 9676
( F i e r e r  and 
Fleming, 1983)
Table 7 contd.
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132 L. Le Minor,  IP France Human Sent as V i+  s1
133 11 France I I 11
134 11 France Equine 11
135 11 France Bovine (adul t ) 11
136 11 France 11 I I
137 I I France 11
138 P. Guinée Hol land Bovine ( c a l f )
139 I I Hol land I I
140 I I Hol land I I
141 11 Holland 11
142 I I Hol land 11
143 11 Hol land Mi need-meat
144 I I Hol land Bovine ( c a l f )
145 I I Hol land 11
146 11 Holland I I
147 I I Hol land I I
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Key to Tables 7 and 8
NK = not known 
Source o f  s t ra in s  
H.W. Smith:
P. Jones:
R. Tay lo r :
M. Hinton:
B. Rowe:
J. F ie re r :
P. Guinee:
C. Wray:
L. Le Minor 
Species :
Houghton P ou l t ry  Research Centre,  Houghton Grange, 
Huntingdon.
I n s t i t u t e  f o r  Research on Animal Diseases,
Compton, Berkshire .
I n s t i t u t e  fo r  Research on Animal Diseases,
Compton, Berkshire .
V e te r in a ry  In v e s t ig a t io n  Centre,  Carmarthen, South Wales.  
Present address: Department o f  V e te r in a ry  Medicine,
U n iv e rs i ty  o f  B r i s t o l .
Public Health Laboratory Serv ice ,  Central  Publ ic  
Health Laboratory,  D iv is ion  o f  E n ter ic  Pathogens,
175 Col inda le  Avenue, London.
Veterans Admin is t ra t ion  Medical Center ,  San Diego,  
C a l i f o r n i a ,  USA.
R i j k s i n s t i t u u t  voor volksgezondheit  en mi 1ieuhygiene,  
Bil thoven, Holland.
M in is t ry  o f  A g r ic u l tu r e  F isher ies  and Food,
Central  V e te r in a ry  Laboratory,  New Haw, Weybridge, Surrey
Centre National  des Salmonella,  I n s t i t u t  Pasteur,  P a r is .
Species o f  animal from which the i s o la t e  was obta ined.  
Samples from bovines are l i s t e d  as c a l f  i f  from an 
animal less than 6 months old or a du l t  i f  from 
an animal 1 year or more. There were no iso la te s  
from animals between these ages. Iso la te s  from 
cases of  abort ion are l i s t e d  as a du l t  regardless  
of whether the i s o la t io n  was from the dam, i t s  
foe ta l  f l u i d s  and placenta  or  the aborted fo e tu s .
Laboratory s t r a in :  A s t r a in  i n t e n t i o n a l l y  a l t e r e d  by c u l t u r e  in the
laborato ry .
Table 9 » Source o f  s t ra in s  o f  Salmonella used
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Serotype Or ig in Number o f  s t ra in s
S. dubi in Adult  c a t t l e  
C a l f
C a t t l e  s lu r r y
Human
Sheep
Goat
Guinea-pig
Laboratory-der ived
Horse
Minced-meat
Cul tu re -co l  lec t ion
S. e n t e r i t i d i s Adult c a t t l e
Ca l f
S. bleqdam Cul ture  col lec t io n
S. moscow Culture  c o l le c t io n
S. rostock Cul ture  c o l le c t io n
S. naestved Human
25*
66
11
32
A**
2
2
T o ta l :  156
12 from abort ions
1 from an abort ion
2 from abort ions
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d i s t i l l e d  water U )  plates. The plates were incubated for  18h at 
37°C; the  resultant  growth was suspended in 5ml 0.85 per cent,  (w/v) 
s a l i n e ,  d i s t r i b u t e d  in 0.1ml volumes and f ro zen  a t  - 7 0 °C .  In 
ad d i t io n  a l l  st ra ins were maintained on Dorset egg medium (Cowan,
1974) and blood agar and sub-cultured as required from the contents 
of  a frozen ampoule. Unless stated a l l  tests  u t i l is e d  bacter ia  
grown on blood agar or Dorset egg.
Preliminary id e n t i f ic a t io n  of strains
Gram's stain
Is o la te s  were stained according to the method of Preston and
Morrell  (1962),  using acetone-iodine solution fo r  decolorisat ion.
Serological id e n t i f ic a t io n
Strains were tested for  agglutinat ion with Wellcome polyvalent  
0,  p o lyva len t  H (phage 1 ) ,  polyvalent H (phase 2 ) ,  Vi and 09 antisera
and D i fco  01 and 012 a n t is e r a  by the s l i d e  a g g lu t in a t i o n  t e s t
(Kauffmann, 1972).
F l a g e l l a r  antigens were id e n t i f ie d  by agglut ination with single  
f a c t o r  g, p, m, u and s antisera (Difco) in the tube agglutination  
te s t  (Kauffmann, 1966) with the antisera d i lu ted to the manufacturers 
recommended d i lu t io n .
Rough strains were id e n t i f ie d  by s l ide  agglut ination in 1/1000 
neutral a c r i f l a v in e  (Braun and Bonestell ,  1947) .
Biochemical id e n t i f ic a t io n
An oxidase tes t  was carr ied out using f i l t e r  paper impregnated 
with oxidase reagent (aqueous solution of 1 per cen t , te tramethyl-p-  
phenylenediamine dihydrochloride) according to the method of Kovacs
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(1956) with Pseudomonas aeruginosa and E. coli  as appropriate 
control s.
Stra ins were fur ther  examined against 15 biochemical tests  using 
the  MICRO-ID system (General Diagnostics; Barry and Badal, 1979; 
F ig .  2 )  inoculated according to the manufacturer's instruct ions and 
incubated at 37°C fo r  4h and against 24 biochemical tests  in the 
M ic r o b a c t  24E system (L IP ;  F ig .  3) inocu la ted  according to  the  
manufacturer's instruct ions and incubated for  24h at 37°C.
Growth tests
Strains grown on blood agar (as above) were suspended in 0.85 
per cent,  (w/v) sal ine to an opacity equivalent to  MacFarland 
standard tube 1 and immediately streaked on b r i l l i a n t  green agar 
(BGA), BGSD, b r i l l i a n t  green sulpha-mandelate agar (BGSM), 
deoxycholate c i t r a t e  agar (DCA), deoxycholate c i t r a t e  agar,  Hynes 
modificat ion (DCAH), Salmonella-Shigella agar (SS) and bismuth 
s u lp h i te  agar (BSA). The media and abbreviations used are shown in 
Table  10 .  The same batch of b r i l l i a n t  green agar was used in a l l  
experiments and a l l  media were prepared and used according to the  
manufacturer's instruct ions .  Plates containing 15ml of media were 
dr ied  at  37°C and used on the day of preparation. A 1mm loop was 
used such t h a t  each s t reak  deposited  between 4 . 4  and 5 .0  x 10^ 
organisms. Individual streaks of 1.5cm were separated from
s u r r o u n d in g  s t reaks  by at  l e a s t  1.5cm and by t h i s  method i t  was 
poss ib le  to te s t  8 i s o la te s /p la te .  Cultures were incubated for  24h 
at  37°C and a posit ive resu l t  was taken as s u f f ic ie n t  growth to a l t e r  
the  co lour  of the indicator  in the agar (on BGA, BGSM and BGSD) or be 
r e a d i ly  d iscernib le  when compared with normal growth on MacConkey 
agar (Oxoid CM7). In addit ion to the stra ins l i s t e d  in Tables 7 and 
8,  195 stra ins of Salmonel1 a from 49 serotypes were tested.
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Table 10. Media used fo r  growth tests
Medi urn Supplement Abbreviatedname
B r i l l i a n t  green agar 
(Oxoid CM329)
Sulphadiazine (l20mg/&)
Sodium su 1phacetamide 
(lOOOmg/ji)
Sodium mandelate (250mg/&)
Sodium su 1phacetamide (lOOOmg/&) 
and sodium mandelate (250mg/£)
Sulpha-mandelate supplement 
(Oxoid SR87)
Salmonella -Shiqe l l a  
agar (Oxoid CM99)
Deoxycholate c i t r a t e  
agar (D i fco )
Deoxycholate c i t r a t e  
agar,  Hynes modif icat ion  
(Oxoid CM227)
Bismuth su lph i te  agar (D ifco)
BGA
BGSD
BGSA
BGM
ABG
BGSM
SS
DCA
DCAH
BSA
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T h i r t y  s t r a in s  which grew on BGSM were c u l tu re d  f o r  18h in  
bacto-tryptose broth (BT; Jones and Matthews, 1975) at 37°C, d i lu ted  
in 0.85 per cent,  (w/v) sa l ine and 0.1ml of a 10“  ^ d i lu t io n ,  which 
contained approximately 1000 c fu /m l , was spread over the surface of  
BGA, BGSD and BGSM using a glass spreader. Af ter  incubation fo r  20h 
at 37°C colonies were counted and the diameter of 30 w e l l - iso la ted  
colon ies  on each plate  measured using a projection microscope. To 
determine the individual and combined e f fec t  of sulphacetamide and 
mandelic acid on colony size the same 30 iso lates were spread on BGA, 
BGSD, BGSA, BGM, ABG and BGSM and the colony diameter a f te r
incubation for  20h at 37°C was measured as above. The media used 
are shown in Table 10.
A l l  s t r a in s  of  S. d u b l in  were also grown on NA c o n ta in in g  
various concentrations of  sodium chlor ide,  sodium se len i te ,  sodium
deoxycholate,  b r i l l i a n t  green and malachite green. The technique
described above was used fo r  inoculation (F ig .  4) and plates were 
examined a f te r  incubation at  37°C fo r  24h.
A l l  s t ra in s  were also tested fo r  a b i l i t y  to grow in KCN broth 
(M011er, 1954) contained in screw-capped bi jou bot t les  (Rogers and 
Taylor,  1961).  Strains were inoculated from overnight broth
cultures in BT and growth in the medium containing potassium cyanide 
was compared to  growth in  the  basal medium a f t e r  24h and 14d 
incubat ion  at 37°C. A cul ture of Cit robacter f reundi i  was used as a 
posit ive  co n tro l .
The maximum temperature fo r  growth was determined by inoculat ing  
BT broths with each s t ra in  using a 2mm loopful of a 10”  ^ d i lu t io n  of  
an 18h BT c u l t u r e  in 0 .85  per c e n t ,  (w /v )  s a l i n e .  Broths were 
incubated in a water bath at 37, 42, 43, 44, 45, 46, 47 or 48°C ± 
0.5°C and examined a f te r  48h.
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Growth requirements
The s tra ins  described in Tables 7 and 8 and an additional 60 
stra ins  of Salmonella from 21 serotypes were inoculated onto minimal 
medium (KgHPO  ^ 7g, KHgPO  ^ 3g, MgSO^.yHgO O . lg ,  (NH^jgSO^ Ig ,  
Noble-agar (Difco) 20g, d i s t i l l e d  water 1&) containing e i ther  0.2 per 
cent,  (w/v) glucose, 0.05 per cent,  (w/v) sodium c i t r a t e ,  or sodium 
c i t r a t e  and glucose using the inoculation technique described above. 
Growth on these media a f te r  24h incubation at 37®C was compared to 
growth on NA. Strains of S. dublin ,  S. rostock and S. naestved 
which fa i l e d  to grow on these media were fu r th e r  examined by 
preparing lawn plates of these organisms on minimal medium containing 
glucose and sodium c i t r a t e  and spotting the plates with individual  
grains of yeast e x t ra c t ,  Bacto-peptone, casamino acids, amino acids,  
vitamins,  purines, pyrimidines and nucleic acids as shown in Table 
11.  S t ra ins  were also streaked on minimal medium containing glucose 
and sodium c i t r a t e  supplemented with e i ther  L-tryptophan (0.2 per 
c e n t . , w /v ) ,  L-asparagine (0 .2  per cent,  w /v ) ,  or L-asparagine and 
L-glycine (0.2 per cent , w /v ) .
Strains with a requirement for  n icot in ic  acid were grown on the  
above medium supplemented with e i th er  n icot in ic  acid (0 .01 ,  0 .05 ,  
0 . 1 ,  0 .2 ,  0 .3 ,  0.4 or l .Oyg/ml) or nicotinamide adenine dinucleotide  
(NAD; 0 . 2 ,  0 .3 ,  0,4 or l .Oyg/ml) .
Stra ins which did not grow even when supplemented with glucose, 
sodium c i t r a t e  and n ico t in ic  acid ( l .Oyg/ml)  were spread on th is  
medium and spotted with grains of the growth factors described above. 
Stra ins  with a requirement fo r  e i ther  thiamine, methionine, cysteine  
or tryptophan were tested against a range of possible precursors (see 
Results section) .
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Table 11. Substances used to te s t  fo r  growth requirements
Yeast e x t r a c t  
Bacto-peptone 
Bacto-tryptone  
Lab-Lemco powder 
Casamino acids
-a la n in e
-a r g in in e
-a r g in in e  (hydrochlor ide)
-asparagine
-2 -asparagine
-asparagine (ammonium s a l t )
-c ys te in e
-c y s t in e
-g lu tam ic  acid
-g lu tam ic  acid (sodium s a l t )
-g lu tamic  acid (ammonium s a l t )
-glutamine
-g ly c in e
- h i s t i d i n e
- l e u c i ne
- l y s i n e
- L - l y s i n e  (hydrochlor ide)
- H i s t i d i n e
-methionine
- o r n i t h i n e  (hydrochlor ide)  
-pheny la lan ine  
- p r o l i n e  
rL -s e r in e  
-L - th re on in e  
- t ryptophan  
- t y r o n in e  
D - L - v a l i ne
B io t in
Cyanocobalamin 
F o l ic  acid  
Lipoic  acid  
Nicot inami de 
N ic o t in ic  acid
Pantothenic acid (calcium s a l t )
Pyr idoxide (hydrochlor ide)
Pyridoxamine (hydrochlor ide)
R ibo f lav in
Thiamine (hydrochlor ide)
Cytosine
Guanine
Thymine
Uraci l
Choiine
Adenine
Nicotinamide adenine d in u c le o t id e  
Nicotinamide adenine d in u c le o t id e  phosphat
Rna (yeast)
Dna Cthymus)
Sodium th iosulphate
P-aminobenzoic acid  
Glucuronic acid
Carbon sources
The a b i l i t y  of strains to u t i l i s e  individual sources of carbon 
f o r  growth was tested by inoculating Simmons c i t r a t e  agar (Simmons, 
1 9 2 6 ) ,  supplemented with n ico t in ic  acid ( l .O y g /m l ) ,  with organisms 
from NA d i lu ted  in 0.85 per cent,  (w/v) sa l ine  as described above. 
The basa l  medium used conta ined e i t h e r  sodium c i t r a t e  or sodium 
malonate, sodium formate, sodium acetate,  sodium la c ta te ,  sodium 
mal a te ,  sodium fumarate,  sodium oxalate,  sodium a lg inate  or sodium 
b e n z o a t e .  For s t r a in s  w i th  growth requirements  in  a d d i t io n  to  
n ico t in ic  acid the medium was fu r ther  supplemented with the specif ic  
growth re q u i re m e n t .  P la te s  were incubated at  37°C f o r  48h and 
examined fo r  growth of the organism and a change in colour of the  
ind ica tor .
M o t i l i t y
Strains were inoculated in BT broth and incubated at 37°C fo r  
18h and then examined microscopically fo r  m o t i l i t y  in the 'hanging 
drop' technique. Strains not showing m o t i l i t y  were also examined
a f te r  incubation at 25°C for  8h or 18h.
M o t i l i t y  was add it iona l ly  demonstrated by inoculat ing the
contro l  tube of a bo t t le  of m o t i l i t y  medium (Bacto-heart infusion
broth 25g, Bacto-agar 1.8g, d i s t i l l e d  water l a )  according to the 
method of Craigie (1931).  The medium was incubated at 37°C for  18h 
and the a b i l i t y  of organisms to spread from the inner tube to the 
rest  of the medium was noted.
The degree of m o t i l i t y  was determined by growing each s t ra in  in 
BT f o r  18h at 37°C, d i lu t in g  the resultant  growth in 0.85 per cent.  
(w/v) sal ine and al lowing 0.1ml of a 10"^ d i lu t i o n ,  which contained 
approximately 1000 c fu /m l , to f low over the surface of semi-solid NA 
(agar 0 .3  per c e n t . ) p lates.  The plates were incubated at 37°C for
18h and the proportion of spreading and non-spreading colonies (F ig .  
5) recorded.
S t r a in s  shown to be non-motile by any of the methods above were 
stained by the method of  Kodaka, Armfield,  Lombard and Dowell (1982).  
Non-motile st rains and mot i le  control st rains were inoculated onto NA 
s lo p e s  and incubated at  37°C f o r  18h. A l i g h t  suspension in  
d i s t i l l e d  water was made on a glass s l ide  which had previously been 
heated to  remove grease and the s l ide  was stained with the staining  
s o l u t i o n  o f  Ryu (1937)  (5 per c e n t ,  (w /v )  c a r b o l i c  a c id ,  10ml;  
t a n n ic  a c i d ,  2g; sa tu ra te d  aluminium potassium s u lp h a te ,  10ml;  
sa tura ted  solution of  crystal  v io le t  in ethanol , 2 ml) for  5min, then 
washed in tap water fo r  3min and examined under the oil- immersion  
lens of a 1ight-microscope.
Production of  sl ime-walls
Slime-wall  production was observed by making 3 or 4 
widely  separated stabs into  a NA p la te .  Plates were incubated at 
37°C f o r  24h then l e f t  at room temperature and examined d a i ly  fo r  7d 
f o r  co lonies with a raised mucoid edge around a f l a t t e r  central  zone 
(Hall and Taylor,  1970).
Haemol ysis
Al l  strains were inoculated onto bovine, horse and sheep blood 
agar (5 per cent,  blood in NA), incubated at 37°C fo r  24h and then 
l e f t  at  4°C f o r  7d. P la te s  were examined d a i l y  f o r  v i s i b l e  
haemolysis.
Fermentation of carbohydrates
Oxidat ion or fermentation of glucose was determined by 
inoculating 2 tubes of Hugh and Liefson's medium (Hugh and Liefson.
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F i g ,  5 S t r a i n s  o f  Salmonella duhlin grown on s e m i - s o l  id 
n u t r i e n t  aga r  t o  demo n s t r a t e  m o t i l i t y
Three d i f f e r e n t  f orms o f  m o t i l e  c o l o n y  can be compared w i t h  
t he  n o n - m o t i l e  c o l o n i e s  i n  t h e  bo t t om r i g h t h a n d  p h o t og r a ph .
1953 ) ,  covering the medium in 1 tube with a 2 inch column of l iqu id  
p a r a f f i n  and incubating both tubes at 37°C fo r  24h. P. aeruginosa 
and E. coli  were used as controls .
Production of gas from glucose was determined in 1 per cent.  
glucose peptone water  (Bacto-peptone lOg,  NaCl 5g, glucose lOg,  
d i s t i l l e d  water U ,  pH 7 .4 )  in tubes containing a Durham tube. Three 
r e p l ic a te s /s t r a in  were inoculated and an organism was not recorded as 
anaerogenic unless the Durham tube in each rep l ic a te  remained f ree  of  
gas.
The fermentation of  a range of carbohydrates was tested using 
API 50 CHE g a l l e r i e s  ( F i g .  6 ) .  The g a l l e r i e s  were in o cu la ted  
according to the manufacturer's instruct ions ,  incubated at 37°C and 
examined a f t e r  3,  6,  24,  48 and 96h. In addit ion each s t ra in  was 
inoculated in to  2 rep l icates  of a series of 15 carbohydrates 
(D-arabinose, L-arabinose, d u l c i t o l ,  fructose,  fucose, galactose,  
glucose, g lycero l ,  maltose, mannose, mannitol , mel ibiose, r ibose,  
trehalose and xylose) made up in peptone water with Andrade's 
i n d i c a t o r  and a Durham tube (Edwards and Ewing, 1 9 6 2 ) .  One 
rep l ic a te  of each carbohydrate was covered with a layer  of l iq u id  
p a r a f f i n  and both rep l icates were incubated at 37°C and examined 
a f te r  24h and 18d.
All st rains were also streaked onto SS agar containing e i th e r  1 
per cen t . arabinose, rhamnose, trehalose,  D-xylose, L-xylose,  
g lycero l ,  du lc i to l  or 5-keto-gluconate according to the method of  
Walton (1972) and onto BGA containing e i ther  1 per cent.  L-arabinose,  
D-arabinose, L-xylose, D-xylose, rhamnose, trehalose,  glycerol or 
so rb i to l .
93
F i g . 6 An API 50 CHE g a l le r y  In o c u la te d  w i t h  SaimoneLLa 
dub Lin and In cu b ated  a t 3 7 ° C fo r  24 hours.
P o s i t i v e  re a c t io n s  a re  In d ic a te d  by th e  developm ent 
o f  a y e llo w  c o lo u r  In  th e  w e lls .
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Other biochemical tests
The production of hydrogen sulphide was detected by inoculation  
o f  t r i p l e  sugar iro n  agar (T S I ;  Oxoid CM277). Tubes were 
inoculated heavily from cultures' grown on blood agar, incubated at 
37°C and examined a f te r  24 and 72h.
N i t r a t e  red u c tio n  was determ ined according to  th e  method o f  
Cowan (1 9 7 4 ) .  N itra te  broth (n u tr ien t  broth no. 2 ,  Oxoid CM67, 25g,
KNO3 ig ,  d is t i l l e d  water U )  was inoculated with each s t ra in ,
incubated at 37°C fo r  72h and tested fo r  the presence of n i t r i t e  by
the add ition of reagents A and B (Cowan, 1974), and fo r  residual
n i t r a te  by the addition of powdered z inc.
Each s tra in  was also inoculated into Stern's glycerol fuchsin
broth (Edwards and Ewing, 1962), incubated at 37°C and examined d a ily  
fo r  8 d , and in to  litmus milk medium (Cowan, 1974) incubated at 37°C
fo r 7d.
Growth ra te
The growth ra te  of s tra ins was determined by inoculating  a BT 
bro th  with 0.1ml of a 10“  ^ d i lu t io n  of an overnight BT broth in 0.85  
per cent, (w/v) saline and incubating fo r 24h at 37°C. The broth 
was sampled a f t e r  2 ,  4 ,  8 , 12 and 24h, when a 0.1ml a l iq u o t  was 
removed and d ilu ted  in 0.85 per cent, (w/v) s a l in e .  Volumes of 
0.1ml of appropriate d i lu t io n s  were spread over the surface of NA 
p la te s  (3 r e p l ic a te s /d i lu t io n ) ,  incubated at 37°C and counted a f te r  
2 4 h .  The mean doubling  t im e was c a lc u la te d  accord ing  to  th e
formula:-
Growth ra te  K = log^^Nt -  log^^No
0.301t
1
mean doubling time = /»  
where t  = time
No = population at a certa in  time
Nt = population at a subsequent time.
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A n tib io t ic  s e n s it iv i ty
Strains were tested fo r  resistance to a range of 23 a n t ib io t ic s  
and sulphonamides contained on Multodiscs (Oxoid) or single discs 
(Mast) as shown in Table 12. Each s tra in  was inoculated in to  BT 
bro th  and incubated at 37°C fo r  18h. Volumes of 0.1ml of a 10’  ^
d i lu t i o n  of the BT broth cu lture  in 0.85 per cent, (w/v) sa line  were
spread over the surface of 20ml volumes of diagnostic s e n s it iv i ty
t e s t  agar (Oxoid CM261). The plates were dried at 37°C, the discs 
were added and, a f te r  incubation fo r  18h at 37°C, zones of in h ib it io n  
were measured. Standard stra ins of Staphylococcus aureus (NCTC 
6571) and E. co li (NCTC 10418) were used as sensitive  contro ls .
Resistance to bovine serum
A method to evaluate the resistance of s tra ins to the  
an t ib ac te r ia l  e f fe c t  of serum was designed to  take account of the  
observations of Taylor, Roberts and Gower (1972). The serum used 
f o r  a l l  te s ts  was obtained from a steer aged between 6 and 10 months. 
Blood was removed by venepuncture, allowed to c lo t ,  incubated at 37°C 
fo r  30min to allow the c lo t  to  re tra c t  and the serum was removed
a fte r  cen tr ifug ation  at 1450xg fo r  30min.
S t r a in s  o f  b a c te r ia  were grown in  BT bro th  a t  37°C f o r  18h. 
One ml o f  cu lture  was removed and added to 10ml of pre-warmed (37°C) 
BT in  a 100ml screw-capped b o t t le .  This was incubated in a shaking 
incuba to r  at 37°C fo r  1.5h a f te r  which the bacteria  were removed by 
cen tr ifugation  at 2500xg fo r  15min, washed twice in 0.85 per cent.  
(w/v) sa line  .and resuspended in 6ml 0.85 per cent, (w/v) s a l in e .  
One ml o f  a 10“  ^ d i lu t io n  of th is  suspension was added to 3ml of 
pre-warmed (37°C) serum. Volumes of 0.1ml were removed and counted 
on NA (as above) and the serum-bacterium mixture was incubated at 
37°C f o r  3h w h ile  being mixed co n tin u o u s ly  on a C o u lte r  r o l l e r .
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Table 12. A n t ib io t ic s  used fo r  s e n s i t i v i t y  te s t ing
A n t i b i o t i c Concentration Antib i o t i c Concentration
Ampi ci 11i n lOyg* and 25yg Neomycin lOyg
Amoxyc i l l i n 2yg* Novobiocin 30yg*
Apramyci n 15yg* N i t ro f u ra n t o in 200yg
Chloramphenicol lOyg and 50yg O xy te t ra cyc l i  ne lOyg
Chlor te t racyc lFne lOyg Pen i c i  1 l i n  G 1.5 un i ts  and 5 un its
Co-TrImoxazole 25yg Streptomycin lOyg and 25yg
Erythromycin lOyg and 50yg Spectinomycin lOyg*
Furazol idone 50yg
GentamicFn lOyg Sulphadiazine 300yg
Kanamycin 30yg* Sulphafurazole lOOyg and 500yg
M e tK îc i11 in lOyg* Sulphatr iad 300yg*
N a l i d i x i c  acid 30yg T e t r a c y c l i  ne lOyg and 50yg
*  Mast s in g le  disc -  others on Oxoid Multodiscs 2024E , 3 0 - lH ,
30-1J ,  30-12L.
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Further  0.1ml volumes were removed and counted a f te r  1, 2 and 3h 
incubation.
Resistance to bacteriophage
Bacteriophages BR2, 9NA, FO, P22 and P221 and t h e i r  propagating 
s tra in  S. dublin JW194 were kindly supplied by Dr. J . Walton.
Phages were propagated by growth on the b ac te r ia l  propagating 
s t r a in  in soft agar layer p la tes .  Five plates were used/phage. 
I n i t i a l l y  a l l  phages were grown on S. dublin JW194 but th is  proved 
u n s a t is fa c to ry  fo r  phages FO, P22 and P221 and these were la te r  grown 
on S. dublin 19 /74, 19/74 and 2229 respective ly .
Soft agar 1ayer plates were prepared by f i r s t  pouring 20ml of 
tryptose blood agar base (Oxoid CM233), containing 0.002M calcium 
chloride and overlaying t h is ,  when se t ,  with 4ml of semi-solid phage 
agar (blood agar base, Oxoid CM55, lOg, nutr ient broth no. 2 ,  Oxoid 
CM67, 18.75g, d is t i l l e d  water iJ i)  which had been cooled to  45°C and 
contained 0.1ml of an 18h BT broth cu lture of the propagating s tra in  
and 1ml o f  phage ly s a te  (adapted from the method o f Walton and 
H adfie ld , 1975). A fte r  incubation at 44°C fo r  24h the soft agar
la y e r  was removed and spun at 2500xg fo r  30min. The supernatant was 
retained and heated at 60°C fo r  Ih to destroy residual b a c te r ia .  
The number of phage p a r t ic le s  present in the supernatant was 
determined by d i lu t in g  in phosphate buffered saline (PBS; NaCl lOg, 
KCl 0 .25g , Na^HPO  ^ 1.4375g, KHgPO  ^ 0.25g, d is t i l l e d  water U )  and 
dropping 0 . 01ml volumes of su itab le  d ilu t ions  onto the surface of 
lawn p la te s  of the propagating s t ra in .  Lawn plates were prepared by 
spreading 0 .2ml of a 10"^ d i lu t io n  in 0.85 per cent, (w/v) sa line  of 
an 18h BT broth over the surface of tryptose agar containing calcium 
c h lo r id e  (as above). Plates were incubated at 37°C fo r  24h and the  
number of d iscrete  plaques occurring in the lowest d i lu t io n s  and the
i f  o
lowest d i lu t io n  to produce a completely lysed zone were recorded. 
Phages were la te r  used at the lowest d i lu t io n  to give complete lys is  
{Routine tes t  d i lu t io n ;  RTD) and at th is  d i lu t io n  xlOO (RTDIOO).
B a c te r ia l  stra ins were grown fo r  18h at 37°C in BT broth then 
d i lu te d  and 0 .2ml was spread over the surface of tryptose agar (as
above).  Volumes of 0.01ml of each phage at RTD and RTDIOO were 
dropped on to the bac teria l lawns and plates were incubated at 37°C 
fo r  24h. Areas of confluent ly s is  were recorded as p o s it iv e .
Phage typing of S. dublin
S. d ub lin  specif ic  phages 1, 4 ,  11, 12, 32, 40, 51, 56, 298 and
301 and th e i r  respective propagating stra ins S. dublin 83/129,
83/130, 83/131, 83/132, 83/133, 83/134, 83/135, 83 /136 , 83/137 and
83/138 were kindly supplied by Dr. P.A.M. Guinee, who had o r ig in a l ly  
obtained them from Dr. D. Cahan (Cahan, Sechter and G erich ter, 1980).
The phages were propagated as above and tested against a l l  the
S. dublin and re la ted  stra ins  at RTD and RTDIOO.
Production of bacteriocins
Bacteriocins were detected according to the methods of de Alwis 
and Thomlinson (1973) and Wray and Clarke (1974). Spot cultures of 
12 s t r a in s /p la te  were prepared on NA, incubated fo r  18h at 37°C and 
k i l l e d  by exposure to chloroform vapour fo r  30min. Plates were 
incubated fo r  30min at 37°C to  remove re s id u a l  ch loro form  then  
f looded  w ith  0.5ml of a 1/100 d i lu t io n  in saline (0.85 per cent, w/v) 
of an 18h broth culture in BT of E. co li CL104. Excess l iq u id  was 
removed and, a f te r  incubation fo r  a fu rther 18h at 37°C, the plates  
were examined fo r zones of in h ib it io n  around the Salmonella colonies. 
The E. co li s tra in  CL104 used as an ind ica to r  of bacteriocin
production was sensitive to a l l  common co lic in s  (de Alwis and
Thomlinson, 1973).
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Shigella  sonnei stra ins DRL 10053, DRL 10051, DRL 10049 and DRL 
10047, which produce co lic ins  Eg, Ib and la respective ly , and E. 
c o l i  CA18, which produces co lic ins  B and M, were used as positive  
c o n t r o ls .  The stra ins of E. co li  and S. sonnei were kindly provided 
by Dr. C. Wray.
Possession of plasmids
Plasmid DNA was prepared e ith e r  by the rapid method of Birnboim 
and Doly (1979) or, fo r  cleaner preparations, by a s im ila r  scaled-up 
method (Baird  and Manning, 1984). All stra ins were cultured fo r  18h 
a t 37°C in L-broth (Bacto-tryptone lOg, Bacto-yeast extract 5g, NaCl 
5g, d is t i l le d  water 1&) and 1ml volumes were centrifuged at 10,000xg 
fo r  2min then resuspended in 0.1ml 25mM T ris -H C l, pH 8 , containing  
50mM glucose, lOmM EDTA and 2mg/ml lysozyme. Cells  were lysed with  
0 . 2 ml a lk a l in e  sodium dodecyl sulphate and the denatured chromosomal 
DNA was prec ip ita ted  with 0.15ml 3M sodium aceta te , pH 4 .8 .  A fte r  
c e n tr i fu g a t io n  at 10,000xg fo r  2min, 0.4ml of the supernatant was 
removed and the plasmid DNA prec ip ita ted  with 1ml ethanol. A fte r  
30min at -30°C th is  mixture was centrifuged at 10,000xg fo r  2min, 
resuspended in  0 . 1ml lOOmM sodium a c e ta te  in  50mM T r i s ,  pH 8 , 
re -p re c ip ita te d  with 0.2ml ethanol and f in a l l y  resuspended in 40y& 
lOmM Tris -H C l, pH 8 , containing ImM EDTA.
The plasmid DNA samples were run on 0 .6  per cent, agarose gels 
in a horizontal system using a T ris -ace ta te  bu ffe r  (40mM T r is ,  5mM 
sodium a c e ta te ,  2mM EDTA, pH 7 .8 )  at lOOV fo r  5h. Finished gels 
were stained with ethidium bromide, visualised under UV l ig h t  and 
photographed.
The s iz e  o f 'p la s m id  species was determ ined ap p ro x im ate ly  by 
comparison to the m obility  of DNA markers of known molecular weight.
The DNA o f  a l l  s t ra in s  was a lso  h y b r id ize d  w ith  a S a l l /X h o l  
d ig es t fragment of the 'sero type-spec if ic ' plasmid of S. typhimurium 
described by Baird, Manning and Jones (1985) and previously shown to  
share substantial homology with the same fragment in the  
'sero type-spec if ic ' plasmid of S. d u b lin .
Strains were spotted onto a ce llu lose  acetate f i l t e r  la id  over a 
BA p la te  (32 s tra in s /p la te )  and incubated at 37°C fo r  18h. A fte r  
in c u b a tio n  the f i l t e r s  were removed and soaked in 10  per cent, sodium 
dodecylsulphate (SDS) fo r  5min, 0.5M sodium hydroxide fo r  5min, IM 
T r is  (pH 7 .0 )  fo r  2 periods of 2min and IM Tris /1 .5M  sodium chloride  
(pH 8 . 0 )  fo r  5min, then d r ie d  a t  37°C and baked a t  80°C f o r  4h .  
A f te r  baking the f i l t e r s  were prehybridized in a mixture of 4 times 
concentrated s a l t  sodium c i t r a t e  (sodium chloride 175.3g, sodium 
c i t r a t e  8 8 . 2g, d is t i l l e d  water 1&, pH 7 .0 ) and Denhardt's solution  
(F ic o ll  lOg, polyvinylpyrrolidone lOg, bovine serum albumin [Pentax 
f r a c t i o n  V] lOg, d is t i l le d  water 1&) at 65°C fo r  Ih ,  then hybridized  
in a mixture of 2 times concentrated s a lt  sodium c i t r a t e  and 
Denhardt's solution with 50y& of dATP^^S labe lled  S a ll/X ho l probe fo r  
18h. The labe lled  probe was kindly prepared from S. typhimurium by 
M iss C. W illiam son ( IR A D ). A f t e r  18h a t 65°C the  f i l t e r s  were 
washed s tr in g en tly  in decreasing concentrations of s a lt  sodium 
c i t r a t e  (2x , Ix  and O .lx concentration) in 0.1 per cent. SDS fo r  2 
p e r io d s  o f  30min at each c o n c e n tra t io n ,  d r ie d  a t  37°C and then  
autoradiographed fo r  6d at -70°C.
Haemagglutinins of S. dublin
Mannose-sensitive haemagglutination was determined by the rocked 
t i l e  method of Duguid and G i l l ie s  (1957). Bacteria were grown fo r  
48h a t  37°C in  BT b ro th ,  c e n tr i fu g e d  at 2 ,500xg  fo r  20min and 
adjusted  to  approximately 1 x 10^^ cfu/ml in 0.85 per cent, (w/v)
s a l in e .  One drop of th is  suspension was added to 2 drops of washed 
guinea-pig erythrocytes on a porcelain t i l e  and haemagglutination was 
observed a f te r  gentle ag ita t io n  for 5min at room temperature. The 
erythrocytes were co llected in sodium c i t r a te  (3 .8  per cent, w/v, in 
d i s t i l l e d  w ate r) ,  washed 3 times in 0.85 per cent, (w/v) saline and 
resuspended to  g ive  a 3 per c e n t . ( v /v )  suspension. Mannose 
s e n s it iv i ty  was determined by addition of 0.5 per cent, (w/v) 
D-mannose to the erythrocyte suspension. Strains which were 
n e g a t iv e  when f i r s t  te s te d  were s e r i a l l y  d i lu t e d  6 t im es in  BT, 
incubated fo r  24h at 37°C and re - tes te d .
Two mannose-resistant haemagglutinins (MRHA) were examined 
according to  the method o f Brown (Brown, 6 .T .H . ,  1984 -  personal 
communication of unpublished r e s u l ts ) .  Both were detected using the  
m ic ro t i t re  method of Jones and Rutter (1974).
The f i r s t  (MRHAl) was detected in cultures grown fo r  24h at 37°C 
on casamino acid yeast extract agar (CAYE; Bacto-casamino acids 20g, 
Bacto-yeast extract 6g, NaCl 2 .5g , KgHPO^  8 .7g , tra ce  salts  solution  
(5  p e r  c e n t .  MgSO^, 0 .5  per c e n t .  MnClg and 0 .5  per c e n t .  FeClg 
dissolved in O.OOIN HgSO ,^ 1ml, glucose 2 .5g , d is t i l l e d  water U ,  pH 
3 . 5 ) .  B a c te r ia  were harvested in  0 .85  per c e n t ,  (w /v )  s a l in e ,  
adjusted to a concentration of approximately 5 x 10^^ cfu/ml and 
doubling d i lu t io n s  of 0.025ml of bac teria l suspension were mixed with 
an equal volume of washed ra t  erythrocytes suspended in 0 .5  per cent 
(w /v )  D-mannose in m ic ro - t i t re  t ra ys . The trays were incubated at 
room temperature and examined a f te r  Ih .
MRHA2 was detec ted  in  c u l tu re s  grown in  BT f o r  48h a t 37°C .  
The b a c te r ia  were centrifuged at 2,500xg fo r  20min, adjusted to 1 x 
10^^ cfu/ml in 0.85 per cent, (w/v) sa line  and tested fo r  
haemagglutination of guinea-pig erythrocytes in the presence of 
mannose as described above for MRHAl.
yProduction of enterotoxin
Selected stra ins of S. dublin were examined fo r  the production 
of enterotoxin by assaying fo r  the e f fe c t  of rapid perm eability  (RPF) 
and delayed perm eability  fac to r  (DPF) in rabbit skin according to an 
adaptation of the methods of Jiwa (1981) and Sandefur and Peterson 
(1976).
Strains were grown in  brain heart infusion broth (BHI; Oxoid 
CM225) or CAYE broth (10ml of media in 100ml screw-capped bo tt les )  
f o r  24h a t  37°C in  a s h a k in g - in c u b a to r , a f t e r  which c e l l s  were 
removed by cen tr ifugation  at 20,000xg fo r  30min. The supernatant 
was used e ith e r  heated at 80°C fo r  30min or unheated and polymyxin B 
sulphate was added to  a f in a l  concentration of 50yg/ml.
Volumes of 0.1ml of supernatants, e ith er  heated or unheated, 
were in jected  in traderm ally  ( I /D )  in to  the shaved back of 2 adult 
a lb in o  rab b its ,  1 of which was used to detect RPF and the other DPF. 
Two rep lica tes  of each supernatant were used and rabbits  were 
in je c te d  a t  18 or 28 s i te s .  Samples of growth broth were used as 
controls together with supernatants produced from known 
en tero tox in -pos itive  and negative stra ins of E. co li  (k in d ly  supplied 
by D r .  R . S e ll  wood, IRAD). To d e te c t  RPF and DPF r a b b i ts  were 
in je c te d  intravenously with 2ml of 5 per cent, (w/v) Evans blue dye 
Ih  and 18h post inocu la tion , respective ly , and the skin reactions  
(blueing and induration) were recorded a f te r  a fu r th e r  30min or Ih 
r e s p e c t iv e ly .  Reactions were read on the everted skin surface at 
necropsy when the area of induration and blueing was measured.
In 1 experiment 4 stra ins of S. dublin were grown on blood agar 
fo r  24h a t 37°C and, a f te r  harvesting of the growth in 0.85 per cent.  
( w /v )  s a l i n e ,  suspensions were son icated a t 20 K i lo h e r t z  fo r  45 
seconds according to the method of Brown and Jones (1980 ),  and the  
supernatants produced by th e i r  cen tr ifugation  at 20,000xg fo r  30min
hea ted  a t  100°C fo r  Ih .  These sup ernatan ts , s im i la r  unheated 
supernatants, and supernatants produced from stra ins grown in BHI (as 
above) were used for the detection o f RPF and DPP.
Supernatants and sonicates from several S. dublin stra ins were 
also examined fo r  th e i r  e f fe c t  against CHO and Vero c e l ls  according 
to  the methods of Guerrant, Brunton, Schnaitman, Rebhun and Gilman 
(1974) and Konowalchuk, Speirs and Stavric (1977) respec tive ly .
RESULTS
Preliminary id e n t i f ic a t io n
All of the stra ins examined were gram-negative, oxidase-negative  
rods which agglutinated with polyvalent 0 , polyvalent H (phase 1 ) ,  09 
and 012 but not 01 anti sera. All stra ins agglutinated in the tube 
t e s t  w ith  single fac to r  g; s tra ins 1-147 and 155 and 156 
agglutinated with single fac to r  p, strains 148-153 agglutinated with 
single fac tor m, s tra in  155 agglutinated with s ingle fac to r  u and 
s t r a in  156 with single fac to r  s. There were no fu r th e r  reactions  
and' none of the s tra ins  agglutinated with polyvalent H (phase 2 ) .  
Unfortunately, s ingle fac to r  q anti serum was not a v a ila b le .  These 
reactions are summarised in Table 13. Five s tra in s  o f S. dublin  
(132, 133, 134, 135, 137) agglutinated with Vi anti serum.
F i f te e n  stra ins agglutinated with 1/1000 neutral a c r i f la v in e .  
S tra in s  1, 11, 12, 23, 57, 121, 126 and 154 agglutinated immediately 
w h i le  s t r a in s  124, 128, 131, 132, 133, 137 and 142 gave a weak 
delayed reaction .
When tested with the Micro-ID system a l l  s tra ins  gave pos it ive  
reactions with n i t r a te  and negative reactions in the Voges-Proskauer, 
phenylalanine deaminase, indole, malonate, urease, aesculin , ONPG,
101
Table 13« Serological  reactions of  s t ra in s  with s in g le  fa c to r  
'O' and ' H' a n t ise ra
S tra in  number Serotype Ant igenic  formula
1-147 S. dubl in 9 ,1 2 : g p : -
148-152 S. e n t e r i t i d i s 9 ,12 :gm:-
153 S. blegdam 9 , 12:gm:-
154 S. mos cow 9 , 1 2 : g : -
155 S. rostock 9 ,1 2 :g p u : -
156 S. naestved 9 ,1 2 :g p s : -
H q anti serum was not ava ilab le .
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adonitol and inosito l te s ts .  Variable reactions were recorded in 
the  lys ine  decarboxylase, orn ith ine decarboxylase, arabinose and
s o rb i to l  tests  as shown in Table 14. The results  of tests were 
recorded on a Micro-ID resu lts  sheet as shown in F ig . 7. Individual 
te s ts  were given a numerical score and blocks of 3 scores added to  
give  a 5 d ig i t  code. Strains were then id e n t i f ie d  using th is  code 
by reference to  the Micro-ID id e n t i f ic a t io n  manual as shown in Table 
15. Twelve d i f fe re n t  codes were recorded although the m ajority  of 
s t r a in s  belonged to 1 of 2 groups. The manual does not 
d i f f e r e n t ia t e  S. dublin from other serotypes and divides a l l  
Salmonel 1 a serotypes into e ith e r  S. typ h i,  S. e n t e r i t id is ,  S. 
cholerae-suis or Salmonella species. Most S. dublin stra ins were 
id e n t if ie d  as S. e n te r i t id is  or S. cholerae-suis while 2 were 
i d e n t i f i e d  as S. ty p h i , 1 as S. typhi or Proteus m ira b il is  and 2 were 
id e n t if ie d  in co rrec t ly  as Hafnia a lve i and Shigella  species. The 
s t r a in s  of S. e n t e r i t id is ,  S. blegdam, S. moscow, S. rostock and S. 
naestved were a l l  i d e n t i f i e d  c o r r e c t ly  as S. e n t e r i t i d i s  or S. 
cho lerae-su is .
Using the Microbact 24E system a l l  stra ins of S. dublin were 
pos it ive  1ti the glucose, mannitol and sorbitol tests  and negative in  
the  ONPG, indole, urease, Voges-Proskauer, g e la t in ,  arg in ine  
decarboxylase, tryptophan deaminase, malonate, in o s i to l ,  sucrose, 
lactose, adonito l,  ra ff inose  and s a l ic in  te s ts .  Tests in which 
resu lts  varied between stra ins are shown in Table 14. A la rg er  
pro p o rt io n  of s t r a in s  were p o s i t iv e  by t h is  sytem than by the  
Micro-ID  system p a r t ic u la r ly  with the production of acid from 
s o rb i to l  , which was inconsistent in the Micro-ID system. There was 
v a r ia t io n  between both systems p a r t ic u la r ly  in the arabinose and H2 S 
tests in which d i f fe re n t  s tra ins were found pos it ive  or negative by 
both systems. A comparison with the results  of t ra d it io n a l  tes ts  
w ill  be given as the results  of these l a t t e r  are presented.
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Table 14. Reactions o f  Salmonella dublin s t ra ins  In the 
M icro- ID  and Microbact systems
Test
Stra ins  p o s i t iv e  (n=l47)
Micro - ID  Microbact
Number Percentage Number Percentage
Lysine decarboxylase 145 98.6 147 100.0
Orn i th ine decarboxylase 145 98.6 145 98.6
Hydrogen sulphide production 138 93.9 142 96.6
C i t r a t e  as sole carbon source NT - 144 98.0
Acid from arabinose 21 14.3 23 15.6
sorbi  toi 87 59.2 147 100.0
rhamnose NT - 131 89.1
xylose NT - 105 71.4
NT = not tes ted ,  t e s t  not a v i l a b le  in Micro-ID  system.
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The results  of the Microbact system were scored in a s im ila r  
manner to  the Micro-ID system as shown in Fig. 8 such that an 8 d ig i t  
id e n t i f ic a t io n  code was produced. The id e n t i f ic a t io n  codes recorded 
and the id e n t i ty  of s tra ins according to the Microbact id e n t i f ic a t io n  
manual are shown in Table 16. The manual divides a l l  salmonellas 
in to  S. ty p h i ,  S. cholerae-suis and Salmonella species and assigns a 
percentage p ro b a b il ity  of the id e n t i f ic a t io n  being co rrec t.  All 
s t ra in s  were id e n t i f ie d  as Salmonella with an extremely high 
percentage p ro b a b il i ty .  In th is  respect th is  system was superior to  
the Micro-ID system.
The s tra in s  of S. moscow, S. rostock and S. naestved gave the  
same r e a c t io n s  as th e  S. d u b lin  s t ra in s  w h ile  th e  s t r a in s  o f  S.
e n t e r i t i d i s  and S. blegdam were distinguished by th e i r  
decarboxylation of arg in ine.
Growth tests
The growth o f 451 is o la te s  o f Salm onella from 54 s e ro ty p e s ,  
in c lu d in g  121 stra ins of S. dub lin , on 7 se lective  media is  shown in  
Table 17. S. dublin appears to grow less well on these media than 
o th e r  serotypes and is  p a r t i c u l a r l y  in h ib i t e d  by BGSM and BSA, 
although most stra ins grow well on BGA and BGSD.
The colony count and mean colony diameter of 30 selected stra ins  
on BGA, BGSD and BGSM is shown in Table 18. The colony count on the  
3 media was comparable but the colony size of a l l  s tra ins  was reduced 
on bo th  BGSD and BGSM. The small colony s iz e  was p a r t i c u l a r l y  
evident on BGSM„ and with s tra ins  of S. dublin and S. paratyphi B. 
Many of the colonies produced by S. dublin were bare ly  d iscern ib le  
w ith  the naked eye. In the second experiment in which colony size  
was determined i t  was s im ila r ly  reduced on BGSD, BGSA, ABG and BGSM 
as shown in Table 19. The colony size was almost always smaller on 
BGSM than on ABG. There was no reduction in size on BGM.
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Table 17. Growth of 54 Salmonella serotypes on 7 s e le c t i v e  media
Serotype Number of  Number of  s t ra in s  f a i l i n g  to grow o n : -  
s tra in s  BGSD BGSM DCA DCAH SS BSA
S. agama 
S. aqona 
S. a ltona  
S. anatum 
S. binza  
S. blegdam 
S. braenderup 
S. Brandenburg 
S. bredeney 
S. cerro
S. cho lerae-su is  
S. derby 
S. dubl in  
S. duisburg  
S. ea l ing  
S. eimsbuettel  
S. emek
S. e n t e r i t i d i s  
S. give  
S. hadar  
S. havana 
S. heidel  berg 
S. Indiana  
S. in fa n t i s  
S. Java 
S. kedouqou 
S. kentucky 
S. kiambu 
S. kinshasa 
S. kimuenza 
S. l ive rpoo l  
S. l iv ings tone  
S. mbandaka
2
k
1
6
2
1
3
2
3 
1 
2 
7
147
1
1
1
1
26
5
5
5
4 
11  
7 
3
19 3 4 3 18
112
Table 17 contd.
Serotype Number o f  Number o f  s t ra in s  f a i l i n g  to grow on: -  
stra ins^ BGA BGSD BGSM DCA DCAH SS BSA
S. montevideo 9 - - .
S. moscow 1 -  -  1 -
S. nagoya 1 -  -  -  -
S. naestved 1 -  -  -  -  -  -
S. napoli  2 -  -  -
S. newport 8 -  -  -  -  -
S. oranienburq 1 1 1 1 1 1  1 -
S. Ohio 3 -  -  -  -
S. panama 8 -  -  -
S. paratyphi B 11 -  4 -  -  -  1
S. rostock 1
S. sa in t -p au l  4 -  -  -  -  -
S. san-diego 1 -
S. schwarzengrund 2 -
S. senftenburg 2 -  -  -
S. Stanley 3 -  1 -  -  -
S. tarshyne 1 -  -  -  -
S. thompson 2 -  -  -  -  -  -
S. typhimurium 101 -  -  4 6 -
S. virchow 18 -  1 2 1
S. unnamed, 4 , 1 2 ; d : -  2 -  -  -  1 1  -  -
Tota l  451 3 3 34 28 9 5 19
For abbrev ia t ions see Table ,10
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Table 18. Colony count and mean colony diameter  
of selected s t ra in s  o f  Salmonella
Serotype
g
Colony count x 10 
BGA BGSD BGSM
Mean colony diameter (mm) 
(30 co lonies)
BGA BGSD BGSM
S. dubl in 14.7 13.8 15.4 1.5 1.3 0 .4
5.9 5 .2 5 .6 1.2 0 .8 0 .4
14.8 14.0 11.0 1.7 1.3 0 .4
7.6 8.0 8 .5 2.0 1.2 0 .5
2 .6 2 .8 3.1 1.7 1.2 0 .5
3.0 3 .2 3.1 1.6 1.0 0 .3
4.0 4 .5 3 .5 1.8 1.3 0 .4
5.1 5 .5 3 .3 1.6 1.1 0 .3
6 .3 6 .2 6 .3 1.6 1.2 0 .4
15.3 15.2 15.5 1.5 1.3 0 .6
S. typhimurium 10.1 8.0 8 .4 1.8 1.4 0 .9
8 .9 8 .5 8 .9 1.7 1.1 0 .7
12.5 11.6 11.2 1.7 1.5 0 .8
5 .5 6.1 5 .4 1.6 1.1 0 .7
5.9 5 .6 5 .9 2.0 1.4 0 .9
7.9 8 .4 7 .6 1.7 1.3 0 .7
5 .5 6 .2 6 .8 1.7 1.1 - 0 .7
7 .4 8 .6 9.1 1 *4 1.1 0 .6
6 .5 7.0 6.1 1.9 1.4 0 .7
11.2 10.6 10.8 1.8 1.5 0 .7
S. e n t e r i t i d i s 10.5 10.6 11.4 2.0 1.4 0 .7
S. hadar 12.1 12.1 11.7 2.0 1.6 0 .7
S. Indiana 11.2 9 .9 10.0 2.1 1.5 0 .6
S. in f a n t i s 13.6 13.2 13.2 2.1 1.4 0 .6
S. l iv in g s to n e 6 .8 6 .6 7.3 1.8 1.4 0 .8
S. montevideo 7.7 8.7 8.4 2.4 1.0 0 .6
S. newport 9 .4 9 .4 9 .8 2.0 1.4 0 .9
1 1 4
Table 18 contd.
Serotype
Colony count x 10® "^an colony diameter (mm)
 ^ (30 co lonies)
BGA BGSD BGSM BGA BGSD BGSM
S. panama 8.6 8 .8 8 .9 1.9 0 .9 0 .5
S. paratyphi 3 10.5 10.8 9 .5 2.0 0 .8 0 .4
S. virchow 8.4 8 .6 8 .7 1.8 1.3 0 .8
For abbrev ia t ions see Table 10.
Table 19. Mean colony diameter o f  30 s t ra ins  o f  Salmonella  
on 6 s e le c t iv e  media
115
Serotype
Mean colony diameter (mm) (30 colonies)
BGA BGSD BGM BGSA BGSM ABG
S. dublin 1.3 1.0 1.3 0 .2 0 .3 0 .4
1.1 1.0 1.1 0 .5 0 .5 0 .6
1.2 0 .9 1.3 0 .3 0 .2 0 .4
1.4 0 .9 1.5 0 .4 0 .4 0 .4
1.8 1.1 1.6 0 .6 0 .5 0 .7
1.4 1.0 1.4 0 .5 0 .4 0 .4
1.1 0 .8 1.3 0 .5 0 .3 0 .4
1.2 0 .9 1.2 0 .3 0 .2 0 .3
1.1 0 .9 1.3 0 .4 0 .3 0 .3
1.3 0 .9 1.2 0 .5 0 .4 0 .5
S. typhimurium 1.5 1.1 1.7 1.0 0 .7 1.0
1.6 1.2 1.7 0 .9 0 .8 0 .8
1.3 1.2 1,4 0 .8 0 .6 0 .7
1.4 1.1 1.5 1.0 0 .7 0 .8
1.4 1.1 1.6 0 .7 0 .7 0 .8
1.4 1.0 1.4 0 .7 0 .7 0 .6
1.3 1.1 1.5 0 .7 0 .6 0 .7
1.3 0 .9 1.5 0 .6 0 .4 0 .5
1.4 0 .9 1.4 0 .6 0 .3 0 .4
1.5 1.2 1.7 0 .6 0 .4 0 .6
S. e n t e r i t i d i s 1.6 1.2 1.6 0 .7 0 .6 0 .7
S. hadar 1.4 1.1 1.5 0 .7 0 .6 0 .7
S. indiana 1.6 1.1 1.6 0 .5 0 .4 0 .5
S. in f a n t i s 1.7 1.1 1.8 0 .6 0 .5 0 .7
S. l iv ings tone 1.5 1.2 1.7 0 .8 0 .6 0 .7
S. montevideo 1.7 1.0 1.8 0 .7 0 .5 0 .6
S. newport 1.6 1.2 1.6 1.0 0 .8 0 .8
116
Table 19 contd.
Serotype
Mean colony diameter (mm) (30 colonies)
BGA BGSD BGM BGSA BGSM ABG
S. panama 1.5 1.1 1.5 0 .7 0 .6 0 .8
S. paratyphi B 1.5 0 .4 1.5 0 .3 0 .2 0 .2
S. virchow 1.7 1.2 1.7 0 .7 0 .6 0 .7
For abbrevia t ions see Table  10.
Jl 1 t
Resistance tests
The stra ins were tested fo r  a b i l i t y  to grow on 6 concentrations 
o f sodium chloride (2 .5  per c e n t . , 3.0 per ce n t . , 3 .5 per c e n t . , 4 .0  
per c e n t . , 4 .5  per c e n t . , 5.0 per c e n t . ) as shown in Table 20. The 
m ajority  of s tra ins grew on concentrations greater than 4 per cent.
S ix concentrations of sodium b is e le n ite  (0 .4  per c e n t . , 0 .6 per 
c e n t . , 0 .8  per c e n t . , 1.2 per c e n t . , 1.4 per c e n t . ) were used and, as 
shown in  Table 21 , the  m a jo r i t y  o f  s t r a in s  were ab le  to  grow on 
concentrations in excess of 0.8 per cen t.
Most s t r a in s  were ab le  to  grow on co n c e n tra t io n s  o f  sodium 
deoxycholate above 15 per cent, as shown in Table 22. S. e n te r i t is  
was less  to le ra n t  than S. dub lin , a l l  5 stra ins of the former f a i l in g  
to  grow at concentrations above 5 per cent.
The a b i l i t y  of stra ins to grow on malachite green and b r i l l i a n t  
green is  shown in Tables 23 and 24. Most stra ins ceased to grow at 
concentrations above 0.06 per cent of the former while response to  
the  l a t t e r  was extremely d iverse. I t  was, however, apparent tha t  
the method used was not favourable fo r  b r i l l i a n t  green since s tra ins  
which grew well appeared able to favour the growth o f other stra ins  
on the same p la te ,  presumably due to reduction of the dye.
None o f  the  s t r a in s  were ab le  to  grow in  the  presence o f  
potassium cyanide at a concentration of 0.007 per cen t.
Maximum growth temperature
The maximum growth temperature of the stra ins  is  shown in Table 
25 . The m ajority  of s tra ins grew up to 45°C (83.7 per c e n t . ) or 
46°C (14.3  per cen t. ) .
1 1 8
5 20,  Maximum concentrat ion of sodium ch lor ide  fo r
Percentage 
o f  s t ra in s
growth o f  156 Salmonella s t ra in s
Maximum concentrat ion  
o f  NaCl (per cent ,  w/v)  
f o r  growth
Number o f  
s tra in s
2 .5 3 1.9
3.0 3 1.9
3.5 32 20.5
4.0 51 32.7
4.5 61 39.1
5.0 6 3 .8
Table 2 1 . Maximum concentrat ion o f  sodium b i s e l e n i t e  
f o r  growth o f  156 Salmonella s t ra in s
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Maximum concentrat ion  
of  sodium b is e le n i t e  
(per cent ,  w/v)  fo r  growth
Number o f  
s tra in s
Percentage  
o f  s t ra in s
<0.4 4 2 .6
0 .4 13 8 .3
0 .6 16 10.3
0 .8 56 35.9
1.0 20 12.8
1.2 33 21.2
1.4 14 9 .0
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Table 2 2 . Maximum concentrat ion o f  sodium deoxycholate  
fo r  growth o f  156 Salmonella s t ra in s
Maximum concentrat ion  
o f  sodium deoxycholate  
( p e r c e n t . w/v)  fo r  growth
Number o f  
s t ra in s
Percentage  
o f  s t ra in s
5.0
7.5
10.0
12.5 
>15.0
5
1
5
1
144
3 .2
3 .2
92.3
Table 2 3 . Maximum concentrat ion o f  malachite green 
fo r  growth o f  156 Salmonella s t ra ins
1 2 1
Maximum concentrat ion o f  
malachite  green 
(per c e n t , w/v)  fo r  growth
Number o f  
s tra ins
Percentage 
o f  s t ra in s
<0.02 27 17.3
0 .02 15 9 .6
0.04 14 9 .0
0 .06 92 59.0
0.08 8 5.1
Table 2 4 . Maximum concentra t ion o f  b r i l l i a n t  green 
fo r  growth o f  156 Salmonel1 a s t ra in s
122
Maximum concentrat ion of  
b r i l l i a n t  green 
( per cent ,  w/y ) fo r  growth
Number o f  
s t ra in s
Percentage  
of  s t r a in s
<0.001 27 17.3
0.001 19 12.2
0.002 37 23.7
0.004 7 4 .5
0.006 9 5 .8
0.008 10 6 .4
0.01 47 30.1
1 2 3
Table 25.  Maximum growth temperature o f  Salmonella dubl in
Maximum temperature (°C) Number o f  s t ra in s
Percentage  
o f  s t ra in s
42 2
43 0
44 1
45 123 83.7
46 21 14.3
Maximum temperature fo r  s t ra in s  o ther  than S. dubl in  were:
S. e n t e r i t i d i s  45°C 4 s t r a in s ,  46°C 1 s t r a in ;
S. blegdam 44°C; S. moscow 42°C, S. rostock 45°C; S. naestved 45°C
1Growth requirements
The number of st rains f a i l i n g  to grow on minimal medium 
supplemented with sodium c i t r a t e  and glucose is  shown in Table 26.  
None of the stra ins of S. dublin,  S. naestved or S. rostock grew 
w h i le  most other stra ins grew w e l l .  The stra ins which grew on th is  
medium also grew poorly on minimal medium supplemented with sodium 
c i t r a t e  alone.
The s t r a in s  of  S. d u b l i n ,  S. naestved and S. rostock  which 
f a i l e d  to  grow were tested with the supplements shown in Table 11 and 
S. naestved, S. rostock and a l l  but 12 strains of S. dublin grew in 
the  presence of  n ico t in ic  acid and NAD. These 12 stra ins were found 
to  have the requirements shown in Table 27. Ten had requirements 
fo r  vitamins, amino acids or purines in addit ion to n ico t in ic  acid 
w hile  2 were able to grow i f  supplemented with tryptophan. These 
l a t t e r  2 stra ins had many other character is t ics  such as f a i l u r e  to  
decarboxyl ate o rn i th ine ,  possession of Vi antigen and anaerogenicity 
which made them more s im i la r  to S. typhi than S. dublin and th is  w i l l  
be discussed l a t e r .
The minimum concentration of n ico t in ic  acid required is  shown in 
Table  28 .  The major ity  of stra ins grew on 0.05 yg/ml n ico t in ic  acid 
or 0.4yg/ml NAD. Seven of the 10 strains received from Holland 
required O.lpg/ml n ico t in ic  acid.  The 4 thiamine-requir ing st rains  
were able to grow when supplemented with less than O.Olyg/ml.
None of the S. dublin stra ins grew on media supplemented with 
asparagine or asparagine and g l y c i n e .  S t r a in s  w i th  a growth 
requirement in addit ion to n ico t in ic  acid were tested against a range 
of precursors. The tryptophan-requiring stra ins would not grow on 
anthran i l ic  acid or an thran i l ic  acid and ser ine. The methionine-  
req u i r in g  stra ins were tested with aspartic acid,  homoserine, 
cys te ine ,  homocysteine and cystathionine with pyridoxal phosphate.
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Table 26.  The a b i l i t y  o f  Salmonella s t ra in s  to grow on
minimal medium conta in ing sodium c f t r a t e  and glucose
Serotype Number o f  s t ra in s
Number o f  s t ra in s  f a i l i n g  to 
grow on minimal medium with  
glucose and sodium c i t r a t e
S. anatum 
S. bleqdam 
S. bredeney 
S. cho lerae-su is  
S. cerro  
S. derby  
S. dubl in  
S. eimsbuettel  
S. e n t e r i t i d i s  
S. give  
S. he ldelberg  
S. Indiana  
S. kentucky  
S. ktnshasa 
S. l iv ings tone  
S. mbandaka 
S. moscow 
S. naestved 
S. newport 
S. panama 
S. rostock  
S. sai .nt-paul  
S. senftenberg  
S. schwarzengrund 
S. Stanley  
S. typhjmurium 
S. unnamed 4 ,12 :d
1
2
1
3
147
1
5
2
1
3
1
1
5
1
1
1
2
1
1
1
1
1
1
27
1
0
0
0
2
0
0
147
0
0
0
0
0
0
1
2
0
0
1
0
0
1
0
0
0
0
0
0
Total 216 154
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Table  27.  Growth requirements o f  Salmonella dubl in
Growth requirement Stra ins Number of  Stra ins
N ic o t in ic  acid * 135
N ic o t in ic  acid + thiamine 49,  67,  134, 137 4
N ic o t in ic  acid + methionine 108, 112 2
N ic o t in ic  acid + tryptophan 37,  76 2
N ic o t in ic  acid + adenine 136 1
N i c o t i n i c  acid + cyste ine 6 1
Tryptophan 132, 133 2
a l l  s t ra in s  excluding the 12 w i th  o ther  requirements
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Table  28.  Minimum concentrat ion o f  n i c o t i n i c  acid or
nicotinamide adenine d inuc le o t ide  required f o r  growth
o f  135 s t ra in s  o f  Salmonella dublin
Concentrat ion of  
n ic o t i n ic  acid (yg/ml) Number o f  s t ra in s
Concentration o f  
NAD (yg/ml)
0 .05 122 0 .4
0.1 10
(21,  62,  81,  140, 141, 
143, 144, 145, 146, 147)*
0 .4  o r  1.0
0 .2 3
(2,  75,  124)
1.0
*  s t r a in  number
NAD = nicot inamide adenine d inuc le o t ide
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S t r a i n  108 fa i le d  to grow with any of these supplements, while stra in  
112 d id  not grow on homocysteine,  grew poorly  on a s p a r t i c  a c id ,  
homoserine and c y s te in e  and wel l  on c y s ta th io n in e  and pyr idoxal  
phosphate.  Strain 136, which required adenine, also grew poorly on 
guanine. Stra in  6, which required cysteine, grew on a var ie ty  of  
other compounds, including sodium thiosulphate, as shown in Table 29. 
This was not a response to reducing condit ions since th is  s t ra in  did
not  grow a n a e r o b i c a l l y .  None o f  the o ther  s t r a i n s  grew when
supplemented with sodium thiosulphate.
Carbon sources
Carbon sources u t i l i s e d  by S. dub l in  are shown in  Table  30.  
The major ity  of st rains u t i l i s e d  pyruvate,  aceta te ,  c i t r a t e ,  malate,  
fumarate and l a c t a t e .  None o f  the s t r a in s  u t i l i s e d  o x a la t e ,  
formate, malonate, benzoate or a lg ina te .
M o t i l i t y
Three s t r a in s  of  S. d u b l in  ( 4 9 ,  7 6 ,  149) were found to  be 
non-mot i le  by the Craigie tube and hanging drop methods. Several 
other  strains (24, 25, 131, 142, 153) produced t o t a l l y  non-motile 
c o l o n i e s  on s e m i -s o l id  a g a r ,  w h i le  th re e  s t r a i n s  (1 1 ,  115,  124)
produced a mixture of moti le and non-motile colonies.
Four mot i le  stra ins (1 ,  2 ,  3 and 4) were shown to be heavily  
per i t r ichously  f la g e l la te d  when stained with Ryu's so lut ion .  Strain  
25 was also heavily f la g e l la te d ;  st rains 24, 49 and 149 appeared to  
be composed of p r in c ip a l ly  non-f lagella ted c e l ls  with a few l i g h t l y  
f la g e l la te d  c e l ls ;  f l a g e l l a  were not observed on stra ins 11, 115, 
124, 131, 142 and 153. The d i f f e r e n t ia t io n  between a f la g e l la te d  
and a non-f lagellated s t ra in  is shown in Fig. 9.
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Table 2 9 . The e f f e c t  o f  varîous supplements on the growth 
o f  Salmonella dubirn(6 )
Supplement Growth
Aspart ic  acid 
Asparagine
L-2-asparaglne +
Ammonium asparagine  
Glutamic acid 
Glutamine
Cysteine +
Homocysteine + / -
Cystine
Homocystine
Methionine
Cystathionine
Serine
Homoserine -
Sodium th iosulphate  +
Sodium sulphate
+ = growth
+ / -  = poor growth
Table 30.  Sources o f  carbon u t i l i s e d  by Salmonella d u b l1n
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Carbon sources u t i l i s e d Number o f  s t ra in s
Pyruvate,  a ce ta te ,  c i t r a t e ,  
malate,  fumarate, l a c ta te
Pyruvate,  a ce ta te ,  c i t r a t e ,  
fumarate,  l a c ta te
P y r u v a t e , a c e t a t e ,  c i t r a t e ,  
1a cta te
None
132
(14,  105, 136, 137)
8
(.68, 75,  76,  108, 113, 116, 133, 134)
(37,  81,  135)
Carbon sources u t i l i s e d  by s t ra in s  o ther  than S. dubl in  were:
S. e n t e r i t i d i s : pyruvate ,  a ce ta te ,  c i t r a t e ,  l a c t a t e .
S. blegdam, S. moscow, S. rostock: pyruvate,  a ce ta te ,  c i t r a t e ,  malate,
fumarate,  l a c t a t e .
S. naestved: pyruvate,  c i t r a t e ,  l a c t a t e .
s t r a in  number
F i g .  3 Two s t r a i n s  o f  Satmonelta duhtin s t a i n e d  w i t h  Ryu' s  
s o l u t i o n  t o  d e mo n s t r a t e  f l a g e l l a
4 .  » •
Y -
Y . '
1. F l a g e l l a t e d  S', duht-inil)
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I
, .7 ijr ■
• » .  ■ : * ,  » ' Y '
■
.  >
2. N o n - f l  a g e l l  a t ed  S. dyb'lin{\\)
13%
Production of sl ime-walls
S l im e-w al ls  were produced by a l l  but 36 (2 ,  3,  5, 7,  8,  10, 14, 
15, 18 ,  19, 21 ,  22, 27, 37, 38, 44, 45, 47, 56, 61, 66, 67, 73, 74,
76, 78 ,  97 ,  99, 101, 106, 109, 110, 112, 114, 117, 132) S. dublin
s t r a i n s ,  2 S. e n t e r i t id is  st rains (148, 149) and S. moscow(154).  
However, on repeat examination th is  character is t ic  appeared to be
var iable  in some s t ra ins .  The morphology of a sl ime-wall-producing
stra in  and a negative s t ra in  is  shown in Fig. 10.
Haemolysis
None of  the  s t r a in s  produced zones o f  haemolysis on bov ine ,  
horse or sheep blood agar.
Fermentation of carbohydrates
All st rains were fermentative in the medium of  Hugh and L ie f  son 
( 1 9 5 3 ) .  Nine st rains (17, 37, 76, 132, 133, 134, 135, 136, 137) did 
not produce gas in 1 per cent,  glucose peptone water.  An addit ional  
2 s t r a in s  (36,  149) did not produce gas in TSI and 11 stra ins did not 
produce gas from glucose in glucose peptone water with Andrade's 
ind ica tor ,  although producing gas from other carbohydrates. One of  
the strains which did not produce gas in 1 per cent,  glucose broth 
produced gas in peptone water sugars with Andrade's in d ic a to r .
The range of carbohydrates tested by the API 50 CHE system is  
shown in  Fig. 11. Twenty carbohydrates were attacked,  the major ity  
within 24h, although glycerol and D-arabinose were not usually  
a t tacked unt i l  48h incubation. The carbohydrates fermented are 
shown in Table 31. Except for  fermentation of D- and L-arabinose 
and g lycero l  there was l i t t l e  var ia t ion  between s t ra in s .  There was 
g r e a t e r  v a r i a t i o n  in  the speed of  re a c t io n  o f  s t r a i n s  but t h i s  
appeared to be inoculum-dependent and not reproducible.  The
F i g .  10 Salmonella dublin grown on n u t r i e n t  aga r  
t o  d emons t r a t e  s l i m e - w a l l  p r o d u c t i o n
1. T y p i c a l  non-muco id  c o l o n i e s
2. Co l on i es  su r r ounded  by mucoid s l i m e - w a l l s
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Table 31 » Carbohydrates o f  the API 50 CHE system
fermented by Salmonella du b l î n
Carbohydrate
Number of  
s t ra in s  p o s i t i v e  
(n = 147)
M in o r i ty  reaction  
s t r a i  ns
Glycerol  
D-Arabinose 
L-Arabi  nose
Ribose
D-Xylose
D-Galactose
D-Glucose
D-Fructose
D-Mannose
L-Rhamnose
D u lc i to l
D-Mannitol
D-Sorbi to i
N-Acetyl  glucosamine 
D-Maltose 
Mel ib iose  
Treha lose 
L-Fucose 
Gluconate 
5~Keto-gluconate
135
9
22
147
146
147 
147 
147 
147
143
145 
147 
147 
147
146
147 
147 
14ST
144 
143
6, 12, 14, 17, 19, 21,
37,  55,  76,  95,  111, 112
10, 20,  99,  114, 116,117,  
132, 133, 140
18, 23,  35,  46,  49,  57,  
67,  72,  78, 83,  84,  86,  
87,  96,  97 ,  102, 104,
105, 108, 112, 118, 119
137
2 , 8 , 21, 26 
8, 134
102
8,  134
2 , 2 1, 120
2, 21, 108, 134
136
re a c t io n s  of S. e n t e r i t i d i s ,  S. blegdam, S. moscow, S. rostock and S. 
naestved were indistinguishable from the majority  reactions of S. 
d u b l i n  except t h a t  S. blegdam f a i l e d  to  ferment d u l c i t o l  and S. 
moscow f a i l e d  to ferment maltose.
There was no d i fference in acid production in the 15 peptone 
water sugars with Andrade's ind ica to r ,  incubated aerobica lly  or 
anaerobica l ly ,  although gas production often var ied.  However, th is  
appeared to be an extremely var iab le  charac te r is t ic .
There was a good corre la t ion  between these t ra d i t io n a l  sugar 
fermenta t ion  tests  and the API 50 CHE system. There was a complete 
corre lat ion  with D-xylose, galactose, D-glucose, D-fructose,  
D-mannose, mannitol , maltose, r ibose,  trehalose and melibiose. In 
d u l c i t o l  S. dublin s t ra in  134, which was negative in the API system, 
was p o s i t i v e  in  the peptone water  sugar.  S t r a i n  8 ,  which was 
negat ive  in the former in rhamnose, was posit ive in the l a t t e r ,  while
s t r a i n  120, which was posit ive  in the former, was negative in the
l a t t e r .  There was less  c o r r e l a t i o n  between the  r e a c t io n s  in  
g l y c e r o l ,  D-arabinose and L-arabinose. No stra ins were posit ive  
within 48h in glycerol or D-arabinose, although 22 were pos it ive  in
the  former and 136 in the l a t t e r  a f te r  18d. None of these s tra ins
was able to produce gas from g lycero l .  A comparison between the 
strains fermenting L-arabinose within  48h in the 2 methods is given 
in Table 32.
When compared with the Micro-ID and Microbact systems described 
previously ,  these l a t t e r  2 methods produced a much greater  proportion  
of  p o s i t iv e s  with sorbitol  than did the Micro-ID system and a greater  
proportion of posit ives with xylose than the Microbact system. 
Table 32 also shows the reaction of strains with L-arabinose in the  
M icro - ID  and Microbact systems. Th i r ty  strains were found to be 
p o s i t i v e  by 1 of the 4 methods but the same resul t  was only produced
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Table 32. A comparison between s t ra in s  o f  Salmonella dublin able to 
ferment L-arabinose "In the A P I -5O CHE, M ic ro - ID ,  Microbact  
and t r a d i t i o n a l  peptone water sugars
Stra in
API 50 CHE
Fermentation w i th in  48h in
Micro-ID  Microbact Peptone water
1
8
10
18
19
20 
23
35
46
49
54
55 
57
67
72
78
83
84 
86 
87 
93
96
97 
102
104
105 
108 
112 
118 
119
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Tota l  : 30 22 21 23 17
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fo r  11 s t ra in s  when the 4 methods are compared. The Micro-ID system 
compares unfavourably with the other 3 methods. These results  are 
compared to fermentation of L-arabinose on SS agar below.
The fe r m e n ta t io n  of  8 carbohydrates conta ined in  SS agar is  
shown in  Table 33. D-xylose, which was fermented by most stra ins in 
3 of the other 4 methods, was also fermented in SS agar although 
L-xylose was not fermented and 11 stra ins did not ferment trehalose  
which was fermented by a l l  s t r a in s  in  the API 50 CHE system and 
t r a d i t i o n a l  peptone water sugars. S im i la r ly  there was some, but not 
p e r f e c t ,  corre la t ion  between the fermentation of  glycerol and 
rhamnose. There was a b e t te r  corre lat ion with arabinose
fermentat ion ,  most s i m i l a r i t y  occurring with Microbact (4 
d i f fe r e n c e s ) ,  API 50 CHE (5 di fferences)  and t r a d i t io n a l  peptone 
water sugars (6 d i f fe rences ) ,  and least  with the Micro-ID system (13 
d i f fe rences ) .
Four of  these carbohydrates (arabinose, rhamnose, t rehalose and 
g l y c e r o l )  are used in the biotyping scheme of Walton (1972) and Table 
34 shows the biotypes in to  which the strains can be d iv ided.  As 
expected, the major ity  of stra ins were assigned to biotype D, 
including a l l  of  the Dutch s t ra in s .  Arabinose fermentation only 
occurred amongst st rains isolated in B r i ta in  (biotypes A and E ) .  I f  
applied to st rains of the other serotypes studied S. e n t e r i t i d i s  and 
S. naestved would be assigned to biotype A, S. blegdam to E and S. 
moscow to D while S. rostock, which fermented arabinose and trehalose  
but not rhamnose or g lycero l ,  would not f i t  in to  any of the 
recognised groups.
The fermentation of carbohydrates contained in EGA is shown in 
Table 35. The resul ts were s im i la r ,  but not id e n t ic a l ,  to  those 
achieved in SS agar. Two fu r th e r  st rains fermented L-arabinose; 4 
fewer stra ins fermented rhamnose; 2 fewer stra ins fermented glycerol
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Table 33* Carbohydrates in Sa lmonel la -Shtqe l la  agar  
fermented by Salmonella dublin
Carbohydrate
Number of  
s t r a in s  p o s i t iv e  
(n = 147)
M in o r i ty  reaction  
s t ra in s
L-Arabinose 21 1, 18, 23,  35,  46,  49,  
67,  72,  78,  83,  87,  93,  
96,  97,  102, 104, 105, 
108, 112, 118, 119
Rhamnose 140 2,  21,  26,  42,  120, 135: 
136
Trehalose 136 1, 13, 17, 78,  93,  96,  
97,  105, 119, 122, 131
61yce rol 142 12, 37 ,  76,  95 ,  126
L-Xylose 0 -
D-Xylose 142 134, 135, 136, 137, 140
D u lc i to l 146 134
5-Keto-gluconate
Table 34. Biotypes o f  Salmonella dubli  n according to the 
scheme of Walton (1972)
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Source o f Number o f  s t ra in s  in b io ty p e : -
s t ra in s A B C D E F G
B r i ta in 14 0 5 89 7 2 4
France 0 0 2 4 0 0 0
U.S.A. 0 0 0 7 0 2 1
Holland 0 0 0 10 0 0 0
Total 14 0 7 110 7 4 5
141
Table 35 . Carbohydrates In b r i l l i a n t  green agar  
fermented by Salmonella dublIn
Number o f
Carbohydrate s t r a in s  p o s i t iv e  m o n  v reac i
(n = 147)
D-Arabinose 0
L-Arabînose 23 1, 18, 23,  35,  46,  49,
57,  67,  72,  78,  79,  83,
87,  93,  96 ,  97,  102, 
104, 105, 108, 112,  
118, 119
Rhamnose 136 2 ,  21 ,  26,  42,  77,  120,
134, 135, 136, 137
Trehalose 147
Glycerol  144 12, 37,  76
L-Xylose 0
D-Xylose 143 134, 135, 136, 137
Sorb i to l  147
14 A^,
w h i le  a l l  stra ins fermented trehalose and s o rb i to l .  The
fermentation of trehalose by a l l  of the strains rendered BGA less 
useful than SS fo r  the purpose of biotyping.
Other biochemical tests
N i t r a t e  was reduced to n i t r i t e  but not nitrogen by a l l  of the 
strains tested.
When inoculated into TSI a l l  stra ins produced an a lka l ine  slope 
w ith  an acid butt  disrupted by gas, with the exception of stra ins 36,  
37, 76, 132, 133, 134, 135, 136, 137 and 149 which did not produce 
gas. Blackening of the agar due to hydrogen sulphide production was 
-observed with a l l  strains except 10, 30, 41 and 136 which did not 
produce hydrogen sulphide and stra ins 37 and 76 which produced only 
t ra c e  amounts. This compares to the 9 stra ins (10, 17, 30, 41, 119, 
132, 133,  134, 136) which were negative in the Micro-ID system and 
the 5 stra ins (10, 30, 41, 51, 53) negative by Microbact.
One hundred and twenty six st ra ins ( including the 5 S. 
e n t e r i t i d i s  s t r a i n s )  produced a deep red c o l o u r a t io n  o f  S t e r n ' s  
glycerol fuchsin broth a f te r  24h incubation; 2 stra ins were posit ive  
a f t e r  48h, 1 was posit ive a f te r  72h (S. blegdam), and 25 ( including  
S. moscow, S. rostock and S. naestved) were negative. There was no 
c o r r e l a t i o n  w i th  fe rm enta t ion  o f  g lyce ro l  by any of  the methods 
described above.
F i f t y  four strains ( including 1 of S. e n t e r i t i d i s ,  S. blegdam 
and S. rostock) produced an a lka l in e  reaction in l itmus milk medium 
which took from 3 to 7d to develop.
Growth rate
The mean doubling time (MDT) was calculated fo r  0-4h,  4-8h,  and 
0 -8 h ,  to  account for  both the logar ithmic growth ra te  and the lag
143
phase of growth. In the major ity  of strains the logarithmic phase 
o f  growth.was almost complete a f te r  12h incubation but as shown in 
Fig. 12, which compares 2 rapid growing strains with an intermediate 
s t r a i n  and 2 strains with a slow growth ra te ,  some strains did not 
achieve maximum growth unt i l  almost 24h.
The lag phase of most stra ins was extremely short.  Fig.  13 
shows the var ia t ion  in MDT time between stra ins calculated for  the 
f i r s t  4h o f  growth. The mean was 32.6min (SD ± 4 .7)  and ranged from 
24.1 to 73.2min. Most st rains grew most rap id ly  between 4 and 8h
when the  mean of the MDT was 25.5min (SD ± 2 .8 )  and the range 21.1 to 
38.3min. The var iat ion between st rains is shown in Fig. 14, from 
which i t  can be seen that  the data is less normally d istr ibuted than 
that  shown in Fig.  13.
The data fo r  both time periods has been combined as shown in 
Fig.  15, which indicates that  an extended lag time was often 
compensated for  by a rapid logar ithmic growth ra te .
The association between growth rate  and virulence is discussed 
in Section 3.
A n t ib io t ic  sen s i t iv i ty
A zone s ize  of 12mm was chosen a r b i t r a r i l y  to  d i s t in g u is h  
r e s i s t a n t  from sensit ive s t ra in s .  This was sat is fac tory  fo r  most of  
the a n t ib io t ics  where the d i f f e r e n t ia t io n  between res is tan t  and 
s e n s i t i v e  was c l e a r ,  but was less  s a t i s f a c t o r y  f o r  erythromycin  
( lOyg) ,  p e n ic i l l i n  (5 u n i ts ) ,  and spectinomycin where, as can be seen 
from Table 36, the d is t inc t ion  between resistance and s e n s i t i v i t y  was 
less  d e f i n i t e .  Table 36 shows the zones of in h ib i t io n  produced by 
the  a n t ib io t ic s  against 8 S. dublin s t ra ins .  Full results  fo r  a l l  
s t ra in s  are not shown for  the sake of b rev i ty .  Where an t ib io t ic s  
were used at 2 concentrations only the lower is usually shown unless 
reactions against both concentrations d i f fe red  considerably.
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Fig, 12 The growth o f se lected  s tra in s  o f SslmoneLLs 
dublfn In bacto -tryp tose broth at 37**C.
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Table 36 . Zones o f  i n h ib i t io n  produced by 23 a n t i b i o t i c s  
against 8 Salmonel1 a dublin s t ra in s
A n t ib i o t i  c
Zone o f  i n h i b i t i o n  (mm) 
produced against S. dubl In  s t r a in :
1 2 3 4 5 6 7 8
Amp I cl  11 I n lOyg 30 28 29 27 29 28 29 30
Amoxycl11 in 2yg 23 21 25 22 19 23 21 23
Apramycin 15yg 22 20 27 21 19 21 21 20
Chloramphenicol lOyg Ik 21 22 24 24 20 23 22
C h lo r te t r a c y c l I  ne lOyg 22 21 23 23 20 15 22 18
Co-Trlmoxazole 25yg 28 38 30 30 38 30 34 32
Erythromycin lOyg - 11 - 13 13 13 12 11
Erythromycin 25yg 16 17 19 20 21 16 20 15
Furazol Idone 50yg 27 30 32 28 34 28 30 30
Gentamyci n lOyg Ik 27 28 27 28 25 28 28
Kanamycin 30yg 26 25 26 25 25 27 21 27
M e t h ic i11 In lOyg - - - - - - - -
N a l i d i x i c  acid 30yg 27 28 26 27 27 26 28 28
Neomycin lOyg 23 20 24 25 28 22 23 24
Novobiocin 30yg - - 8 - - - - -
N i t r o f u r a n t o in 200yg 22 26 26 23 30 33 25 28
O xyte t racyc l I  ne lOyg 22 20 16 20 15 20 23 18
Pen Ic i  11 in G 1.5 un its - - - - - - -
Pen ic i  11 In G 5 un i ts - - - 12 - 11 - -
Streptomycin lOyg 18 17 23 26 19 17 14 19
Spectinomycin lOyg 13 - 16 11 12 - 11 11
Sulphadlazlne 300yg Ik 30 24 30 30 28 28 30
Sulphafurazole lOOyg 21 25 26 29 25 18 27 24
Sulphatr lad 300yg 26 23 30 28 25 24 30 27
l e t r a c y c l i  ne lOyg 26 25 23 26 16 24 20 21
-  = no zone o f  In h ib i t io n  beyond disc edge
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The s e n s i t iv i t y  of a l l  st rains is  shown in Table 37. Apart 
from resistance to erythromycin, m e t h ic i l l i n ,  novobiocin, p e n ic i l l in  
and spectinomycin, which was common amongst isolates from a l l  
sources,  and the resistance of S. dublin stra ins 72, 76, 134, 135, 
136 and 137 to streptomycin, s tra ins isolated from B r i ta in  and France 
were a n t ib io t ic -s e n s i t iv e  while stra ins from the USA and pa r t ic u la r ly  
Holland were res is tant  to many of the a n t ib io t ic s .  There were only 
3 a n t ib io t ic s ,  apramycin, co-trimoxazole and gentamycin, to which 
res is tant  stra ins were not detected. The resistance patterns of  
s t r a i n s  from the  USA and Holland are shown in  Table  38.  The 
a n t ib io t ic s  to which Br i t ish  and French stra ins were normally 
r e s i s t a n t  have been excluded from the Table.  American strains were 
res is tant  to amoxycil l in,  am p ic i l l in ,  kanamycin, neomycin, 
streptomycin and the te t rac yc l ine s ,  while Dutch stra ins were fur ther  
res istant  to chloramphenicol, the nitrofurans and sulphonamides. 
One Dutch s t ra in  was res is tant  to n a l id ix ic  acid.
The association between a n t ib io t ic  resistance and the possession 
of plasmids w i l l  be described l a t e r .
A n t ib io t ic  resistance could not be correlated with biotype or 
phage-type.
Resistance to bovine serum
The reduction of bacter ia  added to bovine serum was measured 
a f t e r  1 ,  2 and 3h. The e f f e c t  on 2 r e s i s t a n t  s t r a in s  and 2 
sensit ive  st ra ins is shown in Fig.  16. All of the stra ins tested  
were reduced, many such that  they could not be detected a f te r  3h. 
These f u l l y  sensit ive stra ins are not shown in the f igure  since they 
were usually k i l l e d  within Ih .  Percentage reduction was calculated  
f o r  the 3 time periods and 2h v/as selected as showing the c learest  
d i f f e r e n t i a t i o n  between s t ra in s .  The var ia t ion  between stra ins is
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Table,  37 . The resistance to a n t i b i o t i c s  o f  147 s t ra in s  of
Salmone]la dub)in_
Number o f  r e s is ta n t  s t ra in s  from:-
A n t i b i o t i c B r i t a in  
(n = l21)
France
(n=6 )
USA
(n=10)
Hoi 1 and 
(n=10)
A11 
source
Amp i c i 11 i n lOyg 0 0 6 3 9
Amoxyci11 in 2yg 0 0 6 3 9
Apramyci n 15yg 0 0 0 0 0
Chloramphenicol lOyg 0 0 0 10 10
C h lo r te t r a c y c l i  ne lOyg 0 0 3 8 11
Co-Trimoxazole 25yg 0 0 0 0 0
Erythromycin lOyg 90 1 2 10 103
Erythromycin 25yg 121 6 10 10 147
Furazol i  done 50yg 0 0 0 6 6
Gentamyci n lOyg 0 0 0 0 0
Kanamycin 30yg 0 0 6 4 10
M e t h i c i11 in lOyg 121 6 10 10 147
N a l i d i x i c  acid 30yg 0 0 0 1 1
Neomycin lOyg 0 0 4 4 8
Novobiocin 30yg 121 6 10 10 147
Ni t r o f u r a n t o in 200yg 0 0 0 6 ,  6
O xyte t ra cyc l i  ne lOyg 0 0 3 9 12
P e n i c i 11 in G 1 ,5 units 120 5 6 10 141
P e n ic i11 in G 5 units 95 2 6 4 107
Streptomycin lOyg 2 4 6 10 22
Spectinomyci n lOyg 65 2 1 10 78
Sulphadiazine 300yg 0 0 0 10 10
Sulphafurazole lOOyg 0 0 0 10 10
Sulphatr lad 300yg 0 0 0 10 10
T e t r a c y c l i  ne lOyg 0 0 3 8 11
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Table  38 , Pat terns o f  a n t i b i o t i c  resistance amongst American 
and Dutch iso la tes  o f  Salmonella dubl in '
Resistance pattern Stra i ns Source
A^C^F^K^N^s ‘’Su t^ ‘' 138, 140, 141 Hoi 1 and
C^F^S^Su^T^ 139, 144 Hoi 1 and
c '”f ^k^n ^s '’su^ 142 Hoi 1 and
C^S^Su ‘‘t ^ 145, 147 Hoi 1 and
C^S^Su^T^Na^ 143 Hoi land
C^S^Su^ 146 Hoi 1 and
A^K^N^S^T^ 122, 127, 131 USA
A^K^S^T^ 123, 124 USA
a V n ’' s '* 128 USA
A = r e s is ta n t  to amoxyci11 in and a m p ic i l l i n
K = re s is ta n t  to kanamycin
N = re s is ta n t  to neomycin
S** = re s is ta n t  to streptomycin
T*" = r e s is ta n t  to t e t r a c y c l i n e ,  oxytetracycl  ine and 
c h l o r t e t r a c y c l in e
Na*" = r e s is ta n t  to n a l i d i x i c  acid
Su*" = re s is ta n t  to sul phadiaz ine,  su lphafurazole  and s u lphatr iad  
= r e s is ta n t  to n i t r o f u r a n t o in  and fu razo l idone  
C = r e s is ta n t  to chloramphenicol .
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F i g . 16 The s u r v i v a l  o f  4 s t r a i n s  o f  SaLmoneLLs dubLfn  
In  bovine serum.
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shown in the histogram (F ig .  17) .  The mean percentage reduction was 
79 .4  (SD ± 13.8) and the range was 32.0 ,to 100. The percentage 
reduct ion of 7 stra ins was 100 per cent,  and these were a l l  strains  
which agglutinated immediately in a c r i f la v in e  as shown in Table 39. 
All of the st ra ins which agglutinated immediately in a c r i f l a v in e  were 
reduced rap id ly  in serum although th is  was not t rue  of a l l  of the 
strains which gave a weak delayed reaction.
The re lat ionship  between serum s e n s i t iv i t y  and virulence in mice 
and rats is  discussed in Section 3.
The rep ro d u c ib i l i t y  of these results was determined by test ing  
s t r a in  2 and s t ra in  110 on 3 separate occasions. The percentage 
reduction for  these stra ins a f te r  2h was 73.6 ,  66.7 and 70 .9 ,  and 
100.0,  100.0 and 100.0 respect ive ly .
Resistance to bacteriophage
The resistance of the 156 Salmonella stra ins to 5 bacteriophages 
i s  shown in Table 40. The major ity  of stra ins (108) were sensit ive  
to  a l l  5 phages which produced complete lys is  at RTDIOO. Eighteen 
s t r a in s  were res is tant  to phage P22 which is  smooth-specific 
(Wilkinson, Gemski and Stocker, 1972),  while 16 were res is tan t  to FO 
which is act ive against smooth stra ins and various groups of rough 
s t r a in s  (Walton and Hadfie ld,  1975).  Eight of the P22 res is tan t  
stra ins  had previously been designated rough or 'part- rough'  by t h e i r  
agglut ination in a c r i f l a v in e  and serum s e n s i t iv i t y  (Table 3 9 ) .  Only 
3 o f  the  7 st rains which gave a weak delayed reaction in a c r i f l a v in e  
were detected by phage P22. The serum s e n s i t i v i t y  of the 
P22-1 nsensit ive  stra ins which did not agglutinate in a c r i f l a v in e  is  
shown in Table 41. Their reactions are mainly intermediate between 
the sensit ive and res is tant  s tra ins (see Fig. 16) .
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Table 39» Percentage reduction of  a c r i f l a v i n e  agg lu t inab le  s t ra ins  
in bovine serum a f t e r  2h a t  37°C
Stra i n A c r i f l a v i n e  ag g lu t in a t io n Percentagereduction
1 immediate 100.0
11 II 100.0
12 II 100.0
23 II 100.0
57 II 100.0
121 II 100.0
126 II 95 = 8
154 11 100.0
124 delayed, weak 99.7
128 II 89.5
131 II 77.1
132 II 91 .5
133 II 55.9
137 II 99 .8
142 II 99 .8
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Table  40.  E f fec t  o f  5 bacteriophages on 156 Salmonella s t ra ins
S ens i t iv e  to phages Number o f'  Stra ins
BR2 9NA FO P22 P221 s t ra in s
+ + + + + 1 0 8  2 ,  3, 4,  5,  6,  7,  8 ,  9,  14, 16,
20,  21,  25,  27,  28,  30, 31, 34,  36,
38,  39,  40,  41,  42,  43,  44,  45 ,  46,
47,  48,  50,  51,  52,  53,  54,  55,  56,
58,  59,  60,  61,  62 ,  63,  64,  65 ,  66,
67,  68,  69,  70,  71,  72,  73,  75,  77,
78, 79,  80,  81,  82,  83,  84,  85,  87,
88,  89,  90 , 91,  92 , 93,  94,  95 ,  97,
98,  99,  101, 102, 103, 104, 105,
106, 107, 108, 109, 110, 113, 115,
116, 117, 119, 120, 125, 127, 129,
130, 132*,  135, 137*,  138, 139,
140, 141, 144, 145, 146, 147, 155, 15'
+ + + + 18 10, 13, 15, 18, 24,  26,  29,  32 , 33,
35,  37,  100, 112, 114, 118, 122,  
131*,  134
+ + + 4 17, 22,  74,  111
+ -  + +  + 1 19
+ + + + 2 133*,  143
-  + -  + + 1 76
+ + 4 136, 148, 149, 153
+  -4 - +
+ + -  -  -  3 1 , 23% 57
+ + + + k n'*' ,  96 , 12T ,  126+
-  + + -  + 3 49 , 128* ,  124*
-  + -  + 2 86; 123
+ -  -  1 12+
-  -  -  -  + 4 150, 151, 152, 154*
#" 1 1 I; ^
+ = immediate a g g lu t in a t io n  in a c r i f l a v i n e
*  = delayed a g g lu t in a t io n  in a c r i f l a v i n e
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Table 4 1 . Percentage reduction o f  P22~insensî t i v e  s t ra ins  
in bovine serum a f t e r  2h a t  37°C
S tra in Percentage reduction
49 98.6
86 73.8
96 94.1
123 95.2
150 85.2
151 82.5
152 95.2
Stra ins a lready described in Table 40 
are excluded.
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Phage-typing of S. dublin
E ig h t  of  the 10 phages used grew well  on t h e i r  propagat ing  
s t r a i n  w h i le  the other 2 (1 and 12) grew poorly and t h e i r  propagating 
stra ins were eventually changed to S. dublin st ra ins 1 and 2 
re s p e c t iv e ly .  Two of the phages, 1 and 301, did not produce clear  
zones of lys is  at RTD and the reactions on the tes t  stra ins were 
d i f f i c u l t  to read. Results are therefore presented fo r  a l l  phages 
a t  RTDIOO and these are shown in  Table 42 .  Phage-types were 
designated by the reaction of  phages 4,  11, 12, 32, 40, 51, 56 and 
2 9 8 ,  s ince these r e s u l t s  were always c l e a r .  In  t h i s  way 22 
phage-types were id e n t i f i e d ,  comprising 3 large groups (2 ,  5 and 10 
.o f  30,  65 and 12 st rains respect ive ly)  and many smaller groups, and 
these were then subdivided on the basis of t h e i r  reaction with phages 
1 and 301. This produced 11 extra groups with close re lationships  
w i t h  t h e  e x i s t i n g  groups. The l a r g e s t  group (5c )  comprised 34 
s t r a in s  (23.1 per cent,  of the t o t a l )  while 17 groups contained only 
s in g le  s t r a in s .  These could be fu r ther  sub-divided by the inclusion  
of  the 5 phages used previously.  However, the 2 schemes closely  
resembled each other and only 15 stra ins would have been further  
d i f fe re n t ia te d  by th is  method.
Strains of S. e n t e r i t i d i s ,  S. moscow and S. blegdam were 
sensit ive to few of the phages and would be c le a r ly  d i f fe re n t ia te d  
from a l l  but a small minority of S. dublin s t ra in s ,  whereas as shown 
in  Table  43 the stra ins of S. rostock and S. naestved were sensit ive  
to  most phages. S. rostock typed as a member of group 5c and S.
naestved d i f fe re d  from group 2a in the reaction of 1 phage only.
There  was some c o r r e l a t i o n  w ith  the source o f  the  s t r a i n s .  
Seven o f  the 10 Dutch strains were of phage-type 2 (6 from 2c, 1 from 
2a) and 8 of the American stra ins were also from th is  group (3 from 
2 a ,  3 from 2b and 2 from 2 ) .  Ten of  the s t r a i n s  i s o l a t e d  from
1 5 9
Table 42.  Phage types o f  Salmonella dubii n
S ens i t iv e  to phages:- Number
Phage o f  Stra ins
1 4 11 12 32 40 51 56 298 301 s t ra in s
+ + + + + + + + + + 1 1 1 26
+ + + + + + + + -  + 2 5 11, 34 , 45 , 127, 128
+ + + + + + + + -  -  2a 12 7, 79, 8 7 , 91, 92,
109, 119, 125, 129, 
130, 137, 138
-  + + + + + + + -  + 2b 9 4,  28, 42, 43, 44,
49, 67, 124, 130
“ + + + + + + + -  2c 14 3, 6,  26, 47, 71 , 82,
101, 122, 140, 141, 
144, 145, 146, 147
+ + +  +  +  +  - +  +  + 3 1 121
+ + + + + + + -  -  -  4 2 8 , 1 8
-  + + + + + + -  -  -  4a 1 114
+ + + + + + - +  -  + 5 5 20, 31 , 33, 54, 96
+ + + + + + - +  -  -  5a 11 13, 81, 89, 90, 94,
95, 98, 105, 107,
132, 139
-  + + + + + - +  -  + 5b 15 2,  21 , 27,  30, 36,
39, 40, 41, 48, 50,
52, 56, 59, 60, 120
-  + + + + + - +  -  5c 34 5, 10, 25, 32, 35, 38,
51, 58, 62, 64, 65,
66, 68, 69, 72, 73,
75, 78, 80, 83, 84,
85, 93, 97, 99, 103,
104, 106, 108, 110, 
113, 115, 116, 117
- + + + - + + + - - 6 2 14, 24
+ + + + + + - - - - 7 1 133
- + + + + + - - - - 7a 1 112
- + + + - + + - - - 8 1 13
+ . + + + + - - + - - 9 1 102
+ + + + - + - + - + 10 3 16, 19, 53
- + + + - + - + - + 1 Oa 3 9, 29, 55
- + + + - + - + - - 10b 6 46, 61, 63, 70, 77, 78
+ + + - + - + + - - 11 1 123
+ + + - - + - + + + 12 3 1, 23, 57
- + + + + - - - - - 13 2 17, 118
+ + + - - - - + + + 14 1 12
Table 42 contd
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Sens i t i v e to phages Phage Numberof Stra ins
1 4 11 12 32 40 51 56 298 301 type s t ra in s
- + + - - - + - - 15 1 37
- + +. - + - + - - 16 4 22, 86, 100, 111
+ - + + - + — — - - 17 143
- - - + + + — — - - 18 1 135
- + + - - - -  . - - - 19 1 76
- - + + - - - - - 20 74
- - + - - - + - + 21 1 142
+ - - + - - — — - - 22 134
- - - + - - — — - - 22a 136
161
Table 43.  S e n s i t i v i t y  o f  s t ra in s  of  Salmonella e n t e r i t i d i s ,
Salmonella moscow, Salmonella blegdam, Sa 1mone11 a rostock and 
Salmonella naestved to Salmonel1 a dubl in typing phages
S tra in
Sens i t ive  to phages 
1 4 11 12 32 40 51 56 298 301
S. e n t e r i t i d i s  + - -  -
S. e n t e r i t i d i s  + - -  -  +
S. e n t e r i t i d i s  + -  -  -  -  + +
S. e n t e r i t i d i s  + -  -  -  + + -
S. e n t e r i t i d i s  + - +  - - -  + +
S. blegdam + -  + -  -  + +
S. moscow -  +
S. rostock -  + + + + + -  +
S. naestved + + + -  + + + +
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humans in the UK were phage-type 5c and 2 others were phage-type Sa.
There was l i t t l e  corre la t ion  between phage-type and biotype.  
Of the  34 stra ins in group 5c, fo r  example, 26 belonged to biotype D, 
5 to  b iotype A and 3 to biotype E. However, phage-types comprising 
only 1 or 2 stra ins were often associated with stra ins from the less
common biotypes. Thus of 22 stra ins in these groups only 10 (45.5
per c e n t . ) belonged to biotype D compared to the 110 (74.8 per c e n t . ) 
included in the study.
Production of bacteriocins
Zones of inh ib i t io n  of growth of the ind icator  s t r a in ,  
- in d ic a t in g  bacter iocin production, were observed around the colonies 
of the 5 st rains of Shigella  sonnei and E. col i  but s im i lar  zones
were not observed around any of the S. dublin s t ra in s .
Possession of plasmids
Eleven d i f f e r e n t  plasmids of S. dublin were distinguished on the 
bas is  of  size although no attempt was made to d i f f e r e n t i a t e  these on 
the basis of DNA homology. The size of these plasmids, which was 
determined approximately by comparison to plasmids of E. co l i  of  
pre-determined s ize ,  and t h e i r  d is t r ib u t io n  amongst the stra ins of S. 
d u b l in  is shown in Table 44. All but 2 stra ins had a plasmid of  
approximately 50Mdal (F ig .  18 ) .  One of these 2 stra ins contained a 
70Mdal plasmid (s t ra in  124) whereas the other ( s t ra in  46) was 
probably plasmid-free. Several attempts were made to extract  the 
plasmid of  th is  s t r a in ,  including an extract ion from 100ml of growth 
b r o t h ,  but a c lear  plasmid band could not be demonstrated although a 
plasmid of approximately 40Mdal appeared as an in d is t in c t  band on 
some of the gels.
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Table 44.  Plasmids o f  Sa 1monel1 a dublIn
Approximate plasmid Number of  s t ra in s  _
s ize  (Mdal) w i th  plasmid rams
70 2 123, 124
55 5 59,  75, 79, 84,  128
50 145 a l l  except 46 and 124
45 4 122, 123, 127, 131
41 2 127, 128
35 1 131
25 4 20,  91,  109, 134
10 1 138
5 1 138
2 9 12, 13, 17, 22,  34,  41,  74, 86,
114
1 15 9 ,  15, 34, 41,  58,  62,  69,  71,
79, 80,  81,  143, 145, 146, 147
Fi g ,  18 Agarose gel  o f  p l as m i d  p r e p a r a t i o n s  f rom 
s t r a i n s  o f  Salmonella duhli-n
The ' s e r o t y p e - s p e c i f i c '  50Mda1 p l as mi d  appears  as a d i s t i n c t  band 
above t he  d i f f u s e  chromosomal  DNA. T r a c k  15 shows a s t r a i n  w i t h  
an e x t r a ,  l a r g e r ,  p l as mi d  above t h e  SOMdal band.
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One hundred and eleven strains contained only 1 plasmid; 27
contained 2 plasmids and 8 contained three plasmids.
Cleavage of the 50Mdal plasmid from 4 stra ins by Hind I I I  and
Sal I endonucleases indicated id e n t i ty  between the plasmids of
d i f f e r e n t  s tra ins .
In  c o n t r a s t  to  S. d ub l in  the  5 s t r a in s  o f  S. e n t e r i t i d i s
possessed a plasmid of 35Mdal. A s imi lar  size plasmid was also 
found in S. blegdam; S. moscow had 2 plasmids of approximately 30 
and 20Mdal while S. rostock had a plasmid of SOMdal and the stra in  of  
S. naestved was plasmid-free.
There was l i t t l e  corre la t ion  between the possession of plasmids 
and a n t ib io t i c  resistance.  The re lationship  between an t ib io t ic  
resistance and possession of  plasmids is shown in Table 45. 
A n t ib io t ic - r e s is ta n t  s tra ins from B r i ta in ,  France and Holland 
genera l ly  possessed only the 50Mdal 'serotype-specif ic '  plasmid while  
although stra ins from the USA, which were a n t i b io t i c - r e s is ta n t ,  
carr ied  extra plasmids there was no clear  re la t ionship  between these 
plasmids and the resistance pat tern.  However, te t racyc l ine
resistance was probably carr ied on the 45Mdal plasmid.
As with a n t ib io t ic  resistance i t  was not possible to corre la te  
the possession of plasmids other than the 50Mdal plasmid with the 
known character is t ics  of the s t ra ins .
A l l  but 2 of  the s t r a in s  h y b r id iz e d  w ith  the  S. typhimurium  
Sal I /X h o l  fragment. This included s t ra in  124, which had a 70Mdal 
plasmid but no 50Mdal plasmid, and S. moscow, which had 2 d is t in c t  
plasmid bands.
The 2 s t ra in s  which did not hybridize were S. d u b l in (46) and S. 
naestved, which were plasmid-free.
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Table 45.  Patterns o f  a n t i b i o t i c  resistance o f  Salmonella dubliI n
s t ra in s  compared to the possession o f  plasmids
Source Size o f  plasmids
Resistance pat tern  S t r a in ( s )   ^  ^ . c a r r ie d  by s t r a in
str*'" (Mdal)
s' 72, 76 B r i t a i n 50
s ' 134 France 50, 25
s ' 135, 136, 137 France 50
a 'c 'f'k'n 's's u't ' 138 Hoi 1 and 50, 10, 5
a 'c'f'k'n 's's u't ' 140, 141 Hoi 1 and 50
c 'f's's u't ' 139, 144 Hoi land 50
c 'f'k'n 's's u' 142 Hoi l and 50
c's's u't ' 145, 147 Hoi 1 and 50, 1
c's'Su'T'Na' 143 Hoi land 50, 1
c's'Su' 146 Hoi 1 and 50, 1
a 'k'n 's't ' 122 USA 50, 45
a 'k'n 's't ' 127 USA 50, 45, 40
a 'k'n 's 't ' 131 USA 50, 45, 35
a 'k's 't ' 123 USA 70, 50, 45
a 'k's 't ' 124 USA 70
a 'k'n 's ' 128 USA 55, 50, 40
For key to resistance patterns  see Table 38
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Haemaggiut1n1ns of S. dublin
Three -distinct  haemaggiutinins were detected; a mannose- 
sen s i t ive  haemaggiutinin (MSHA) which corresponded to type 1 f imbriae  
and 2 mannose-resistant haemaggiutinins (MRHAl and MRHA2). MSHA was 
detected  on 131 S. dublin s t ra in s ,  MRHAl on 18 stra ins and MRHA2 on 
73 s t r a in s .  The resul ts fo r  individual st rains are shown in Table 
46 .  Six  st rains possessed a l l  3 haemaggiutinins, 53 possessed only 
MSHA, 5 MSHA and MRHAl, 67 MSHA and MRHA2, and 7 MRHAl alone. Nine 
s t r a in s  did not possess any of the haemaggi u t in in s .  MRHA2 only 
occurred on st rains which possessed MSHA. The proportion of st rains  
possessing the various combinations of haemaggi ut in ins is i l l u s t r a te d  
in Fig.  19.
There was no association between haemaggiutinins and the 
occurrence of plasmids.
There was an in terest ing  re lat ionship  between the occurrence of  
the  haemaggiutinins and the source of the s t ra in s .  The d is t r ibu t io n  
according to country of or ig in  is shown in Table 47. MSHA was most 
common amongst st ra ins isolated in the UK and Holland while MRHAl was 
most common amongst American isolates and MRHA2 was possessed almost 
e x c lu s iv e ly  by B r i t ish  s t ra in s .  S im i la r ly ,  as shown in Table 48,  
there was a c lear  d i fference between st rains isolated from humans in 
the  UK and France and those isolated from humans in the USA. MSHA 
was u n i v e r s a l l y  p rese n t ,  and MRHAl u n i v e r s a l l y  absent ,  from the  
former whils t  MSHA was infrequent ,  and MRHAJ common, in the l a t t e r .
The re lat ionship  between the occurrence of  haemaggiutinins and 
virulence is discussed in the next section.
MSHA and MRHAl were also detected amongst the other Salmonella 
s t r a i n s  examined. One s t ra in  of S. e n t e r i t i d i s  possessed MSHA and 
MRHAl; 1 stra in  possessed MSHA alone while the other 3 stra ins did 
not possess any of the haemaggi u t in ins .  S. moscow had MSHA and
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Table 46.  The d i s t r i b u t i o n  of  haemaggiutinins between s t ra ins
of Salmonella dublin
A t t r i b u t e  Number o f  s t ra in s S t ra in  number
MSHA-negati ve 16 12, 19, 20 , 27 , 68, 76, 121, 122, 123,
124 , 126 9 127, 130, 131 , 136 , 137
MRHAl-pos i t i v e 18 1, 11, 12, 13, 16, 23,  '49, 57,  96,
121 , 122 9 123, 124, 126 , 127 , 128, 141,
145
MRHA2-pos i t i v e 73 1, 2,  4, 5 , 6, 7,  8 , 9 , 13, 14, 15 ,
16, 17, 18 , 21 , 22, 23, 24, 25 , 26 , 30,
33, 35, 36 , 38 , 39, 43, 44, 45,  46 9
47, 50, 51 , 52 , 53, 54, 56, 57,  61 , 63,
64, 65, 66 , 72 , 73, 74, 77, 78, 86 , 87,
88, 89, 90 , 91 , 92, 93, 94, 95,  96 , 97,
99, 101, 102, 103, 104, 105, 106, 108,
114 , 117 119, 120, 134
MSHA = Mannose-sensit ive haemaggiutinin  
MRHA = Mannose-resistant haemaggiutinin
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F ig .19 D is tr ib u tio n  o f haemagglu t In Ins In s tra in s  o f 
Sa ImoneLLq dubLIn,
MSHA and MRHA2 —
45.6
MSHA,MRHAl 
and MRHA2
MSHA and 
MRHAl
3 .4
4 .8
MRHAl —
36.1
NONE—'
MSHA —
MSHA -  Mannose-sensitive haemagglu t In In  
MRHA -  Mannose-resistant haemagglu t In In
Figures In the p ie  chart are  frequency o f  
occurrence (per cent, )
Table  47.  The d i s t r i b u t i o n  of  haemaggiu t in ins  of  Salmonella dublin  
according to country of  o r ig in
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Country o f  o r ig in
Number ( per c e n t . )  o f  s t ra in s  w i t h : -
MSHA MRHAl MRHA2
B r i t a i n 114 (94 .2 ) 10 (8 .3 ) 72 (59 .5 )
France 4 (66 .7 ) 0 (0 .0 ) 1 (16 .7 )
Hoi 1 and 10 (100 .0 ) 2 (20 .0 ) 0 (0 .0 )
USA 3 (3 0 .0 ) 6 (60 .0 ) 0 (0 .0 )
Tota l  : 131 (89 .1 ) 18 (12 .2 ) 73 (49 .7 )
Table 48. D is t r ib u t io n  of  haemaggiu t in ins  in s t ra in s  of  
Sa 1monel1 a dub 1i n iso la ted  from humans
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Country o f  o r ig in
Number ( per c e n t . ) o f  s t ra in s  w i t h : -
MSHA MRHAl MRHA2
B r i t a i n 20 (100.0) 0 (0 .0 ) 10 ( 50 . 0 )
France 2 (100.0 ) 0 (0 .0 ) 0 (0 .0 )
USA 3 ( 30 . 0 ) 6 (60 .0 ) 0 (0 .0 )
Tota l  : 25 (7 8 .1 ) 6 (18 .8 ) 10 (3 1 .3 )
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MRHAl; S . naestved possessed MSHA; none of the haemaggiutinins were 
associated with S. blegdam or S. rostock.
Production of enterotoxin
Nineteen  s t r a in s  o f  S. d u b l in  and 2 s t r a in s  o f  E . c o l i  were 
examined by the rabbit  skin t e s t ,  the resul ts of which are shown in 
Table 49 .  Best results fo r  RPF were obtained from sonicates of CAYE 
and any r e a c t io n  o f  4mm g r e a t e r  than the media c o n t r o ls  may be 
considered as pos i t ive .  On th is  basis a l l  st rains tested with the 
except ion  of the known non-toxigenic stra in  of E. col i  may be shown 
to  produce e n t e r o t o x i n .  CAYE was also the  best  medium f o r  the  
p r o d u c t i o n  o f  DPF, f o r  which a l l  but 1 s t r a i n  o f  S. d u b l in  was 
p o s i t i v e .  The degree of blueing a f te r  18h was extremely var iab le  
and r e s u l t s  are expressed as degree of indurat ion. Heating at 80°C 
f o r  30min had no e f f e c t  on these r e a c t io n s  and t h e r e f o r e  these  
r e s u l t s  have been omitted. I t  should, however, be stressed that  the 
r e a c t i v i t y  between rabbits was extremely var iab le ,  p a r t ic u la r l y  in 
r e l a t i o n  to degree of reaction to s t e r i l e  BHI, and these results  are 
affected accordingly.
C e l lu la r  changes (cytotonic and cytotoxic e f fec ts  against Vero 
c e l ls  and elongation of  CHO c e l ls )  were not observed in supernatants 
or sonicates of any of these st ra ins in Vero or CHO c e l ls  although 
posit ive  resul ts  were observed with E. col i  s t ra ins .
The e f f e c t  of using sonicates of S. dublin and heating at 100°C 
f o r  Ih is  shown in Table 50. Greater reactions were obtained with 
sonicates of organisms grown on BA than supernatants of organisms 
grown in BHI and these reactions were not removed by heating. In 
contrast DPF was destroyed by th is  degree of heat.
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by s t ra in s  of  Salmonella  
S tra in
dubli n
RPF
BHI CAYE BHI
DPF
CAYE
2 11 15" - +++
3 12 13 - +++
26 12 15 - +++
33 5 5 ++ ++
34 5 5 ++ +++
35 5 5 + ++
36 4 6 + ++
37 7 5 ++ +++
38 2 4 -
74 5 11 ++ ++
75 1 12 + +
76 1 11 ++ ++
77 2 11 ++ ++
78 - 10 + +
79 - 8 + +
80 - 8 ++ +
81 - 8 ++ +
82 9 9 + ++
83 7 6 - +
(ente ro tox igen ic ) 5 1 - -
(non-enterotoxigenic) — - - -
Values given are means of  2 measurements,
RPF = Rapid p erm eab i l i ty  fa c to r
DPF = Delayed perm eab i l i ty  fa c to r
BHI = Brain heart  in fusion broth ,  supernatant
CAYE = Casamino a&ids yeast e x t r a c t  broth ,  supernatant
*  = diameter o f  zone o f  blueing (mm) in excess o f  zone produced by 
media control
+,  ++,  +++ = degree o f  induration and blueing o f  ra b b i t  skin  
-  = negative
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Table 50. The e f f e c t of heating a t  1IOO°C fo r  1h on
Rapid Permeabil i ty  Factor and Delayed Permeabil i ty Factor
produced by Salmonella dublin
S. dublin s t r a in Growth medium T reatment RPF DPF
2 BHI n i l - +
3 BHI n i 1 - +
76 BHI ni 1 - +++
M51 BHI ni 1 - ++
2 BHI heated* - ++
3 BHI heated - -
76 BHI heated + -
M51 BHI heated - -
2 BA n i l ++ +++
3 BA ni 1 ++ +++
76 BA ni 1 - ++
M51 BA n i l -H- +++
2 BA heated ++ +++
3 BA heated ++ +++
76 BA heated - ++
M51 BA heated ++ + +
BHI = Brain hear t  in fus ion broth ,  supernatant
BA = Blood agar ,  supernatant from a sonicate
*  = heated a t  100°C fo r  1h
RPF = Rapid Perm eabi l i ty  Factor
DPF = Delayed Perm eabi l i ty  Factor
+,  ++,  +++ = degree o f  induration and blueing of  ra b b i t  skin 
-  = negative
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Preliminary discussion
Preliminary i d e n t i f ic a t io n
The purpose of  the  work descr ibed in  t h i s  sec t ion  was to  
assemble a number of st rains of  S. dublin and re la ted  serotypes and 
to  assess the degree of morphological, biochemical and physiological  
v a r ia t io n  in order to determine character is t ics  which may be useful 
in i d e n t i f ic a t io n  or associated with v irulence. The association of  
various character is t ics  with the virulence of the st rains is  
discussed in Section 3.
Although a minority of the st rains had been collected or 
' i s o la te d  by the author previously,  the major ity  were fresh c l in ic a l  
i s o l a t e s  which i t  was hoped could be compared to stra ins described in 
previous studies.  I t  is  a t r i b u t e  to the s k i l l  of  the laborator ies  
which iso la ted  the st rains t h a t  only 1 s t ra in  was received which did 
not conform to i t s  descr iption (a s t ra in  of Ci trobacter  f reundi i  
which cross-reacted with 09 antiserum). All of  the st ra ins  
conformed to the previously described biochemical character is t ics  of  
the serotype, although biochemical variants which did not produce HgS 
or decarboxyl ate lysine or orn i th ine were distinguished by both of  
the rapid id e n t i f ic a t io n  schemes used.
Both the Micro-ID and Microbact systems successfully id e n t i f i e d  
the major i ty  of  st rains as belonging to the genus Salmonella although 
n e i t h e r  scheme d i f f e r e n t ia te s  S. dublin from other types. I t  was 
perhaps surprising that  Micro-ID id e n t i f ie d  3 stra ins as possible S. 
typh i  and another 2 as Shigella  species or Hafnia a l v e i .  Although 
in th is  respect the Microbact system was more accurate, th is  was 
probably to be expected considering the greater number of tests  and 
. longer incubation period employed.
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Considerable d ive rs i ty  amongst the isolates was observed with 
both  schemes but the m a j o r i t y  of  s t r a in s  f e l l  i n t o  2 or 3 major  
groups and, o v e ra l l ,  the degree of heterogeneity w ith in  the serotype 
was s l ig h t .
A l l  o f  the  s t r a in s  possessed the f u l l  complement o f  0 and H 
antigens with the exception of 01 which is  phage dependent (Wilson 
and M i l e s ,  1975) and was absent from a l l  s t r a i n s .  There was 
considerable c ro ss -rea c t iv i ty  with the 's in g le - fa c to r '  H ant isera,  
probably due to unabsorbed a n t i -0  antibody (Barber and Eylan, 1975),  
and'h' reactions could only be recorded from tube te s ts .
Five stra ins of S. dublin obtained from Dr. Le Minor ( I n s t i t u t  
P asteur )  were found to possess the Vi antigen. This antigen could 
not be found on a s ix t h  s t r a i n  from the same source p re v io u s ly  
repor ted  as V i -p o s i t i v e .  All 6 strains were anaerogenic (Le Minor 
and N icho l le ,  1964).  Vi antigen was not detected on stra ins from 
other sources including the anaerogenic st rains or s tra ins associated 
with  abort ion ,  25 per cent,  of which had previously been reported as 
V i -p o s i t iv e  (Le Guil loux, 1969).
Growth and resistance tests
Most o f  the isolates used in th is  study, which had been derived 
from a var ie ty  of  se lect ive  media, grew on a l l  of the media tested.  
This contrasts with the experiments of Chau and Leung (1978) who 
demonstrated that  more than 10 per cent,  of Salmonella st rains fa i l e d  
to  grow on some of these media. This d i f ference is  not surpris ing  
as the  inoculum used in these experiments was la r g e r .  An inoculum 
s iz e  o f  only 5-20 organisms for  test ing of media fo r  in h ib i t io n  has 
been suggested by Harvey and Price (1979).  I t  was thought, however, 
th a t  t h i s  tes t  was too severe fo r  media designed fo r  the iso la t io n  of  
organisms from contaminated environments, p a r t ic u la r l y  since such
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media are usually used in conjunction with enrichment broths, and 
t h e r e f o r e  the la rger  inoculum was used. With .the larger  inoculum 
used in t h i s  study, however, 7.5  per c e n t . , 6.2 per cent,  and 4.2 per 
c e n t . o f  st rains fa i l e d  to grow on BGSM, DCA and BSA respect ively.  
Whilst a var ie ty  of st rains f a i l e d  to grow on DCA the majority  of  
strains which were inh ib i ted  on BGSM and BSA were S. dublin,  
confirming the view of Harvey and Price (1975) tha t  the l a t t e r  is  
unsuitable for  S. dublin i s o la t io n .  Only 2 stra ins of S. dublin 
f a i l e d  to  grow on BGA or BGSD compared with 3 which were inhib ited by 
DCA, thus not confirming the view of Harvey and Price (1975) that  the 
l a t t e r  should be the medium of choice for  S. dublin .  However, these 
.authors based th is  observation on the reduction in colony size of S. 
dub l in  on the b r i l l i a n t  green medium which they examined. Most of  
the  s t ra ins  inh ib i ted  on BGSM were S. dublin (12.9 per c e n t . ) or S. 
paratyphi B (36.4 per c e n t . ) .  The stra ins of both these serotypes 
which were able to grow at a l l ,  did so poorly and th is  was 
p a r t i c u l a r l y  obvious when colony s iz e  was measured. Although  
reduced, the colonies on BGSD were s t i l l  s u f f i c i e n t l y  large to be 
readi ly  discernible  whereas colonies on BGSM were pinpoint ,  hardly 
v i s i b l e  to the naked eye, and the growth was in s u f f ic ie n t  to change 
the  co lour  of the ind ica tor .  On BGA the colony size of S. dublin 
stra ins  compared favourably with most of the other serotypes tested,  
again not confirming the observations of Harvey and Price (1975).  
The use of  b r i l l i a n t  green agar containing sodium sulphacetamide 
(BGSA), sodium mandelate (BGM) or a combination of both (ABG) 
i n d i c a t e d  t h a t  the i n h i b i t i o n  on BGSM was caused by the  sodium 
sulphacetamide. I t  was in terest ing  that  colony size was reduced 
more on a medium containing a commercially prepared supplement (BGSM) 
than on the same medium (ABG) prepared from i t s  separate components.
178
The use of b r i l l i a n t  green agar supplemented with sulphacetamide 
and mandelic acid has been advocated since i t  reduces the growth of  
contaminants (Watson and Walker, 1978).  The results  presented here 
indicate that  the inclusion of these supplements may resul t  in a 
f a i l u r e  to iso la te  some salmonellas and that  the incubation period 
would have to  be extended beyond 24h.  This  problem might be 
overcome by reducing the concentration of sulphacetamide, but as 
t h is ,  ra ther  than mandelic acid,  is responsible fo r  inh ib i t io n  of the 
m a jo r i ty  of contaminants (Watson and Walker, 1978; Walker, 1981),  
the s e le c t i v i t y  of the medium would be reduced.
B r i l l i a n t  green agar is  possibly the most widely used Salmonella 
s e le c t i v e  agar because of the ease with which Salmonella colonies 
growing on i t  can be i d e n t i f i e d ,  and i t  is recommended in standard 
techniques fo r  iso la t ion  from a var ie ty  of  environments (Smith, 1977; 
P ie tz s c h ,  1984b). Should i t s  s e le c t i v i t y  need to be increased, an 
a l t e r n a t i v e  might be the a d d i t io n  o f  the  lower c o n cen tra t io n  of  
sulphadiazine (Jones and Matthews, 1975) used in th is  study.
The a b i l i t y  o f  s t r a in s  to  grow on sodium c h l o r i d e ,  sodium 
b i s e l e n i t e ,  sodium deoxycholate, malachite green and b r i l l i a n t  green 
was tested to determine the highest concentrations of these compounds 
which might be incorporated in iso la t ion  media, and to assess t h e i r  
use as biotyping tes ts .  The major ity  of st rains grew on 
concentrations great ly  in excess of those used in iso la t ion  media 
b u t ,  a p a r t  from sodium c h l o r i d e ,  t h e i r  use f o r  b io ty p in g  would 
obviously be l im i te d .
Almost a l l  strains grew at temperatures in excess of 45°C. The 
2 s t r a in s  which fa i le d  to grow above 42°C w i l l  be discussed l a t e r ,  
since in  th is  respect,  as in several others, they resembled S. typhi  
more than S. dublin .  The use of elevated temperatures for  iso la t ion  
o f  s a lm o n e l la s  has been reviewed by Harvey and P r ic e  (1979)  who
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recommended 43°C, depending upon the enrichment broth, but noted a 
change in colony morphology on sol id media at temperatures above 
4 0 ° C .  On the  evidence presented here incuba t ion  o f  enrichment
broths at 43 or 44°C should not lead to a reduction in the iso la t ion  
of S. dub l in .
Growth requirements
Most stra ins of Salmonella have simple nu tr i t iona l  requirements 
and grow wel l  in  simple media c o n s is t in g  o f  g lucose,  ino rgan ic  
ni trogen and mineral sal ts  (Kauffmann, 1954).  This is  not t rue  of  
S. dublin ,  S. cholerae-suis , S. Kinshasa, S. rostock, S. naestved or 
2 of  5 s t ra in s  of S. l iv ingstone ,  as can be seen from the results  
presented here. I t  is  also known that  many other serotypes, and 
p a r t ic u la r ly  the host adapted or host-specif ic  serotypes, w i l l  not 
grow in minimal media even in  the presence of  su i table  carbon, energy 
and nitrogen sources. S. typhi stra ins are auxotrophic fo r  
tryptophan (F i ldes ,  Gladstone and Knight,  1933; Sanderson and 
Hartman, 1 9 7 8 ) ,  S. pullorum re q u i r e s  n i c o t i n i c  ac id  and var ious  
ami noacids (Johnson and Rettger ,  1943; G i l l  f i l l  an, Holtman and Ross, 
1955) ,  S. abortus-ovis and S. typhi -su is  require n ico t in ic  acid and 
purines and S. paratyphi A requires purines (Stokes and Bayne, 1958).
The stra ins of S. dublin examined here had a requirement for  
nicot in ic  acid which had previously been described by Bayne and Thai 
( 1 9 6 2 ) ,  Walton and Lewis (1971)  and F i e r e r  and Fleming ( 1 9 8 3 ) .  
Walton and Lewis examined 400 st ra ins and found that  96 per cent.  
required n ico t in ic  acid,  whereas other reports had recognised such a 
requirement in a l l  stra ins tested.  Bayne and Thai (1962) found the  
concentra t ion  required to be 0.2yg/ml.  Most of the stra ins examined 
here grew on O.OBpg/ml although the Dutch s t ra in s ,  which may 
represent a separate clone, required O.lpg/ml.  Attempts'to  s a t is fy
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the requirement with precursors of n icot in ic  acid were unsuccessful.
Lederberg (1947) described a s t ra in  of S. dublin which required 
thiamine and Stokes and Bayne (1958) commented upon the amino acid 
requirements of  several serotypes. Four S. dublin stra ins required 
thiamine, 5 required amino acids and 1 required purines, and attempts 
t o  s a t i s f y  the  requirement w i th  the a d d i t io n  o f  precursors were 
usually unsuccessful.
The e f fec t  of these requirements on the virulence of the strains  
w i l l  be discussed in Section 3.
A chemically defined culture  medium for  S. dublin which contains 
nicotinamide has recent ly  been described (Flossmann, Koch, Fe is t ,  
^ E r le r ,  Htifner, Hartmann and Meyer, 1976).  I t  would, however, have 
been unsuitable fo r  a l l  of the auxotrophic stra ins described here and 
appears to have l i t t l e  advantage over a minimal medium containing  
glucose, sodium c i t r a t e  and n ico t in ic  acid.
Two stra ins of S. dublin which did not require n ico t in ic  acid 
but which would not grow in the absence of tryptophan were 
p a r t i c u la r l y  in te re s t ing .  These s t ra ins ,  which were o r i g in a l l y  
isolated from humans, had the f l a g e l l a r  antigens of  S. dublin but 
also many other ch a rac te r is t ics ,  such as possession of Vi antigen and 
f a i l u r e  to decarboxyl ate o rn i th ine ,  which are more in common with S. 
typhi than S. dublin .  A f u l l e r  description of these s tra ins is  
given in Table 51. I t  is  in terest ing  to speculate whether these 
would cause a typho id - l ike  disease in humans. Are they s tra ins of  
S. dub l in  with the character is t ics  of  S. typhi or S. typhi with the 
H antigens of S. dublin?
Since the requirement fo r  growth factors is v i r t u a l l y  re s t r ic te d  
to  host spec i f ic  and host adapted serotypes i t  is easy to postulate a 
r e l a t i o n s h i p .  S. pullorum re q u i re s  cys te in e  which is  found in  
abundance in poultry because i t  is used to synthesize feather
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Table 5 1 • The s i m i l a r i t y  between s t ra ins  o f  Salmonella dublin and 
Simone] la t.y.Rlii • *
C h a ra c te r is t ic
Typical  react ion of:  
S. typhi S. dubl in
Reactions o f  
S. dubl in  s t ra in s  
132 and 133
0 antigens J_,9»12 ^ ,9 ,1 2
H antigens d : -  gp:-
Vi antigen +
Growth requirement tryptophan n i c o t i n ic
acid
Gas from glucose -  +
Arabinose fe rmentat ion  -  + / -
Rhamnose fermentat ion -  +
O rn i th ine  decarboxylase -  +
Growth on b r i l l i a n t  green agar p o o r / -  +
SOMdal plasmid “ +
Mouse v i ru lence  -  +
9 , 1 2
9P:-
+
tryptophan
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p ro te in s  (Kl ine and Schoenhard, 1969). S im i la r ly ,  S. dublin and S. 
abortus-ovis normally cause disease in ruminants and i t  is  
in te re s t in g  tha t  these animals can synthesize n ico t in ic  acid and do 
not r e q u i r e  niacin in t h e i r  d ie t  (Blood and Henderson, 1974).  This 
is surely too simple and ce r ta in ly  does not account for  the 
predi lect ion  of S. dublin fo r  the bovine placenta (Wray and Corbel,  
1980).
Carbon sources
Organic ac ids were f i r s t  used as an aid in the  d i f f e r e n t i a l  
diagnosis of Salmonella types by Brown, Duncan and Henry (1924) and 
-Kauffmann (1954) reported var iable  reactions of S. dublin in mucate 
broth.  These tests  depended upon recording the fermentation of  
t a r t r a t e ,  mucate and c i t r a t e  in  peptone w a te r .  The r e a c t io n s  
described here depend upon the u t i l i s a t io n  of organic acids as the 
sole carbon source. They have been used in the d i f f e r e n t i a t i o n  of  
the  genera of the Enterobacteriaceae (Johnson, Colwel l ,  Sakazaki and 
Tamura, 1975) but have not previously been applied to individual  
serotypes, although Fierer  and Fleming (1983) reported on the
i n a b i l i t y  of S. dublin to u t i l i s e  oxalate.
The results  presented here again demonstrate the homogeneity of  
the serotype. The major ity  of the st rains were able to u t i l i s e  
pyruvate ,  aceta te ,  lac ta te  and the t r ic a rb o x y l ic  acid cycle
intermediates, although 12 st rains had lost  the a b i l i t y  to metabolise 
mal ate .
The uniformity of reactions renders organic acids of l im i ted  
v a l u e  in  b i o t y p in g ,  a lthough o f  the 15 s t r a i n s  which could not
metabol ise  mal ate 9 were in Walton (1972) biotype D and, since th is
is the predominant biotype (see l a t e r ) ,  u t i l i s a t i o n  of mal ate may be 
useful in i ts  d i f f e r e n t ia t io n .
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Biochemical te s ts ,  carbohydrate fermentation and biotypes
As was expected^ a l l  of the strains studied were fermentative  
but  o n l y  9 f a i l e d  to  produce gas in 1 per c e n t . glucose peptone 
water.  Of these, 6 were obtained in the knowledge that  they were 
anaerogenic and therefore only 3 of the recently  isolated strains  
(2.1 per c e n t . ) did not produce gas. This is fa r  less than the 21 
per cent,  studied by Walton (1972) but since th is  character is t ic  may 
be l inked to virulence (Walton and Lewis, 1971),  and most of the
s t r a in s  studied here were isolated from cases of disease, i t  is not 
surpris ing.  This character is t ic  i s ,  however, extremely var iable  and 
d i f f e r e n t  aerogenic strains were detected by the 3 methods used.
Even in glucose peptone water i t  was possible to f ind  st rains which 
produced only minor amounts of gas, and st rains which produced gas in
only 1 or 2 of the 3 re p l ic a te  tubes.
Stra ins  were tested for  a b i l i t y  to ferment 49 carbohydrates in 
the API system and some of the carbohydrates which were fermented 
were compared in 5 other methods. There was considerable var ia t ion  
between the 6 methods which was demonstrated by the comparison made 
of the fermentation of L-arabinose in Micro- ID, Microbact, API50 and
t ra d i t io n a l  peptone water sugars. This probably depended on the
degree of buffer ing and the d i f f e re n t  indicators used.
The r e a c t io n s  measured by the API50 system agreed w ith  the  
d e s c r ip t i o n  of the serotype given by Kauffmann (1954)  and were 
reproducible.  I t  was hoped th is  could be used fo r  biotyping but 
many of the carbohydrates such as d u l c i t o l ,  t rehalose,  rhamnose and 
x y lose ,  which had been used previously to d i f f e r e n t i a t e  types, were 
uniformly  attacked in API50 and in the t ra d i t io n a l  peptone water
sugars. The biotyping schemes of Kauffmann (1941, 1954),  Hughes
(1954),  Neel,  Jorgensen, Le Minor and Machoun (1952) and Hall and 
Taylor  (1970) re l ied  upon fermentation of  arabinose, rhamnose.
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dulc i to l  and xylose in peptone water and discr iminat ion was often on 
the  bas is  of speed of react ion.  This was extremely var iable  and the 
use o f  these 4 sugars produced a large group of L-arabinose posit ive  
stra ins with only minor, rare var ia t ions .
The biotyping scheme of Walton (1972) was more useful and, with 
the addit ion of glycerol and trehalose, defined the groups 
reproducib ly ,  and by a method which only required 24h incubation.  
F a i l u r e  to ferment trehalose was a character is t ic  which was only 
observed on SS agar. By using Walton's method the stra ins studied 
were divided into  6 d is t in c t  groups, in s imi lar  proportions to those 
o r i g i n a l l y  recognised. I t  was inte resting that  fermentation of 
-arabinose was confined to stra ins (biotypes A and E) isolated in the 
UK (F ie re r  and Fleming, 1983).
Unfortunately ,  Walton's scheme suffered from the disadvantage of 
e a r l i e r  methods in  having 70 per c e n t ,  o f  s t r a i n s  in  the same 
b io typ e .  Although not j u s t i f i e d  in taxonomic terms i t  would be 
useful  in epidemiological studies to t r y  to subdivide th is  group. 
This was attempted by using other compounds such as s o rb i to l ,  
D-xylose, d u l c i t o l ,  D-arabinose or 5-keto-gluconate in SS agar or in 
BGA. The l a t t e r  was used to assess the p o s s ib i l i t i e s  of another 
i n d i c a t o r  system in a medium which is  now used more frequent ly  than 
SS agar.  Unfortunately fermentation of D-arabinose was obviously 
m u t a t i v e ,  sorbi tol  was attacked by a l l  st rains and BGA was not useful 
in  dist inguishing rhamnose-negative stra ins .  However the use of  
D-xy lose  in SS agar combined with H2 S production from TSI and growth 
on malonate, discussed previously,  would reduce the number of group D 
stra ins  in th is  study to 67 per cent,  compared to 75 per cent,  and 
would fu r th e r  s p l i t  a l l  the other groups. All  of these tes ts  could 
be completed within 24h although i t  is doubtful whether the resu l t  
would j u s t i f y  the added expenditure.
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Stern's  glycerol fuchsin broth was also used in previous schemes 
but  t h e  necess i ty  to  incubate  f o r  more than 8d was an obvious 
disadvantage .  In t h i s  study 121 s t r a in s  produced a p o s i t i v e  
r e a c t io n  with 24h, 2 were pos it ive  within 48h and the others were not 
p o s i t i v e  with in 7d. Seven of the negative stra ins were from Walton 
biotype A (arabinose-negative) and would have conformed to the 
c l a s s i c a l  S. dublin of  Kauffmann (1951) and only 10 were from biotype  
D. This  tes t  is  d i f f i c u l t  to read and i t s  use in biotyping of S. 
dublin is  doubtful .
The product ion o f  an a l k a l i n e  r e a c t io n  in l i tm u s  m i lk  had 
previously been noted by White (1929a) and Henning (1939) and was 
-observed with 51 (35 per c e n t . ) of the st rains in th is  study. This 
would obviously have been a useful d i f f e r e n t ia l  c h a ra c te r is t ic ,  but 
was again d i f f i c u l t  to in te rp re t  and took up to 7d to develop. The 
same c r i t i c i s m  can be a pp l ied  to  the  product ion of  s i im e - w a l1s . 
Slime-wall production may be used to distinguish S. paratyphi B from 
S. java  and may also occur in other types such as S. abortus-equi, S. 
cholerae-suis and S. e n t e r i t id is  (Kauffmann, 1954).  SIime-wal Is  
were observed around the c o lo n ies  o f  75 per c e n t ,  o f  S. d u b l in  
s t r a i n s ,  in c lu d in g  the  l i v e  vaccine s t r a i n ,  by Hall  and T a y lo r  
( 1 9 7 0 ) .  The same percentage of s tra ins was found to be pos it ive  in 
t h i s  study and th is  would obviously be a useful ch a rac te r is t ic  i f  i t  
could be distinguished more rap id ly .
I t  seems that  S. dublin represents a f a i r l y  homogeneous group 
and, although i t  may be possible to dist inguish small sub-groups, the 
majority  of strains remain d i f f i c u l t  to separate from each other on 
the basis of t h e i r  biochemical and morphological charac te r is t ics .
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Phage-typing
The problem of the homogeneity of the serotype encountered in 
biotyping had also been experienced in attempts to d i f f e r e n t i a t e  the 
serotype on the basis of bacteriophage s e n s i t i v i t y .  The schemes of  
Smith (1951) and Lil leengen (1950) suffered from having 66.9 per 
ce n t ,  and 62 per cent,  of stra ins respectively in the same phage 
t y p e .  No attempt had been made to combine the schemes; they had 
r a r e l y  been used in practice  and indeed the phages are no longer  
a v a i l a b l e .  More r e c e n t l y  Cahan, Sechter  and G e r ic h te r  (1980)  
described a scheme which d i f f e re n t ia te d  15 phage types, the la rgest  
of  which comprised only 38.8 per cent,  of stra ins isolated in I s r a e l .  
Fortunate ly  these phages were made available  by Dr.  P.A.M. Guinee 
(Bi lthoven,  Holland) and used in th is  study.
Although d i f f i c u l t i e s  were experienced with 2 of  the phages i t  
was possible to d i f f e r e n t i a t e  33 groups and sub-groups, the largest  
of which contained only 23.1 per cent,  of the s t ra in s .  Even i f  the 
2 phages which presented d i f f i c u l t i e s  were removed the largest  group 
contained only 44.2 per cent,  of s t ra ins .  None of the stra ins were 
untypable although many phage-types which contained only 1 s t ra in  
were encountered. As with the scheme of Li l leengen (1950) some of  
the  phages were also act ive against S. e n t e r i t i d i s .  They were also 
a c t i v e  aga inst  S. blegdam and S. moscow. S. ros tock  and S. 
naestved, which resemble S. dublin more closely  sero log ica l ly  and 
biochemically,  typed as typ ical  S. dublin s t ra ins .
D e ta i ls  of the or ig ina l  I s r a e l i  phage groups are not ava i lab le  
and th e re fo re  a detai led comparison cannot be made. However Cahan, 
Sechter and Gerichter (1980) reported that  isolates from humans were 
a l l  f rom 2 major and 2 minor types and the same phenomenon was 
observed here. There was also a corre lat ion  with the geographical 
source of the stra ins and, although there was no corre la t ion  between
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phage- and biotype, many of the minor phage groups contained strains  
from the minor biotypes.
This  phage scheme is an improvement on previous attempts and
should form the bas is  of  a system fo r  use in  the  UK i f  one is  
necessary .  I t  has already proved useful in t racing the source of an 
outbreak with a stra in  of phage-type 5b (Jones, 1985 -  unpublished 
r e s u l t s )  spread in c a t t le  waste. I t  has also id e n t i f ie d  2 strains  
(23 and 57) thought to  be the l i v e  vaccine s t ra in  which occur, with 
th is  l a t t e r ,  in phage-type 12, and successfully grouped 2 stra ins (21 
and 120) derived from S. dub l in (2) in the same group as t h e i r  parent.
The detection of rough st rains
Rough variants of Salmonella,  which lack the somatic antigenic  
s p e c i f i c i t y  of t h e i r  smooth parent stra ins in consequence of
a l te ra t io n  in composition of the polysaccharide part of t h e i r  somatic 
1 ipopolysaccharide, were f i r s t  observed by Arkwright (1921).  In 
smooth stra ins the 1ipopolysaccharide core is  attached to 0 
si de-chains, each of which is  a polymer of  an 0 -spec i f ic
oligosaccharide repeating u n i t ,  whose composition var ies between 
d i f f e r e n t  0 groups and accounts fo r  the antigenic di fferences between 
them (reviewed by L ü d e r i t z ,  W estphal , Staub and N ik a id o ,  1 9 7 1 ) .  
Rough s t r a in s  lack  the  0 - s p e c i f i c  side chains and they  can be 
dist inguished from smooth st rains by t h e i r  'rough' colonial  
morphology, by spontaneous agglutinat ion in normal serum, sal ine and 
a c r i f la v in e  and by a steady gradation in t h e i r  s e n s i t i v i t y  to  crystal  
v i o l e t ,  malachite green, deoxycholate, phenol and cer ta in  an t ib io t ics  
(Wilson and Miles , 1975).  Variants intermediate between rough and 
smooth forms which have los t  some of t h e i r  0 -spec i f ic  side chains
also occur and these are termed semi-rough.
1 8 8
Al l  of the strains used in th is  study were of normal colonial  
morphology and agglutinated with 0 -specif ic  ant isera ,  although a few 
s t ra in s  formed a deposit in broth culture on prolonged incubation.  
Eight stra ins agglutinated immediately in neutral  a c r i f l a v in e ,  
including the l i v e  vaccine s t ra in  (S. dub l in ( l ) )  which was known to 
be semi-rough (Walton and Hadfie ld,  1975), and a fu r th e r  7 strains  
agg lu t in a te d  slowly. To determine the nature of these st rains more 
f u l l y  a l l  stra ins were tested with rough or smooth specif ic  phages. 
Phage P22 attacks only smooth strains possessi^ng 0 factor  12
(Z in der ,  1953); 9NA is also smooth-specific (Wilkinson, Gemski and
S tocker ,  1972); FO is act ive on smooth stra ins (Ka l l ings ,  1967) and
-also on some rough variants (Subbaiah and Stocker, 1964) while BR2 
and P221 are rough-speci f ic .
Unfortunately a l l  of these phages were received with the same S. 
dublin propagating s t ra in  which made the v a l i d i t y  of t h e i r  
s p e c i f i c i t y  questionable and eventually they were propagated on known 
rough (or part-rough) or smooth s t ra ins .  Since 108 stra ins were 
lysed by a l l  5 phages the  r e s u l t s  are d i f f i c u l t  to  i n t e r p r e t ,  
although there was a good corre lat ion  between agglutinat ion in
a c r i f l a v in e  and resistance to the smooth-specific P22 and FO phages, 
and they  were useful in  d i f f e r e n t i a t i n g  the  l i v e - v a c c i n e  s t r a i n  
a c c o r d in g  to the  scheme of  Walton and H a d f ie ld  ( 1 9 7 5 ) .  I t  was 
eventual ly  concluded on the basis of colony morphology and 
agglut ination in a c r i f la v in e  that  a l l  of the stra ins were smooth or 
semi-rough and that  t h e i r  degree of roughness was best determined by 
t h e i r  resistance to the b a c te r io ly t ic  e f fe c t  of serum (discussed 
l a t e r ) .
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An t ib io t ic  resistance
Assays for  a n t ib io t ic  resistance were carried out against a f u l l  
range of compounds, and the degree of resistance was remarkably low, 
although most stra ins were resistant  to erythromycin, m e t h ic i l l i n ,  
novobiocin, p e n ic i l l i n  and spectinomycin.
Strains of S. dublin isolated in the UK have previously been 
shown to be less resistant  to an t ib io t ics  than other serotypes (Sojka 
and Hudson, 1976; Report, 1983; Sojka and Wray, 1980; Hinton and 
W il l i a m s ,  1 9 7 7 ) ,  p a r t i c u l a r l y  S. typh im ur ium , and the degree of  
resistance reported here was even less than that  reported by Sojka 
and Wray (1980) for  1978, the la s t  year fo r  which f u l l  published 
f igures are ava i lab le .  These authors reported the percentage of  
stra ins res is tan t  to  compound sulphonamide, streptomycin ( lOpg),  
chlor te tracyc l ine  ( lOyg),  chloramphenicol ( lOpg),  neomycin ( lOyg) ,  
a m pic i l l in  ( lOyg) ,  furazolidone (15pg) and tr imethoprim/  
sulphamethoxazole (25yg) to be 30.0 ,  69 .8 ,  2 .2 ,  2 .0 ,  1 .2 ,  1 .9 ,  0.0  
and 0 .0  per cent,  respect ive ly .  Only 23.0 per cent,  of stra ins were 
sensit ive  to a l l  of these a n t ib io t ic s .  With the exception of 2 
s t r a in s ,  which were res is tant  to  streptomycin, none of the st rains  
examined here were resistant  to these a n t ib io t ic s .  The reason fo r  
the discrepancy with streptomycin is not known, p a r t ic u la r ly  since 
the same concentration was used in the discs, although these tests  
are known to be open to large var iat ions (Linton,  1976).  A higher 
proportion of strains res is tant  to spectinomycin was detected than in 
previous reports by Walton and Stevens (1974) and Hinton and Wil liams  
(1977).
In contrast to Br i t ish  iso la te s ,  strains obtained from the USA 
and p a r t ic u la r l y  from Holland were m ult ip ly  re s is ta n t .  This 
d i f fe re n c e  had previously been reported by Chérubin (1981),  Leeuwen, 
Voogd, Guinee and Manten (1982),  Verhees, Theys, Water and Grimon
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( 1 9 8 2 ) ,  and Fierer  and Fleming (1983).  I t  was in terest ing  that  the 
American stra ins were not res is tant  to chloramphenicol.
The reason fo r  the di fference between B r i t ish  st rains and those 
from Europe and America has not been explained s a t i s fa c t o r i l y  but is 
usually a t t r ibu ted  to the select ion pressure of an t ib io t ics  in animal 
f e e d .  Presumably the same pressure is  exer ted  in  the UK as 
elsewhere and is exerted equally on S. dublin and S. typhimurium.
A l though  only t e t r a c y c l i n e  r e s is ta n c e  could be shown to  be 
probably carr ied on a R-plasmid the resistant  st rains from the USA 
d i f f e r e d  from those from Holland in possessing plasmids in addit ion  
to  the 'serotype-specif ic '  plasmid. Presumably resistance in Dutch 
s t r a in s  was located on the chromosome. Se i le r  and Helmuth (1984) 
r e p o r t e d  t h a t  s t r a in s  i s o l a t e d  in  Germany p r i o r  to  1974 c a r r i e d  
t ransmissib le  R-factors while in those isolated since, the resistance  
may have transferred to the chromosome.
M u l t ip ly  res istant  stra ins of S. dublin res is tant  to  
chloramphenicol began to be reported in B r i ta in  from 1979 (Davies,  
1973;  T h r e l f a l l ,  Ha ll  and Rowe, 1979) and the chloramphenicol  
resistance was transmissible,  although located on R-plasmids d is t in c t  
from those carrying the same resistance genes in S. typhimurium. 
Perhaps the emergence of mult ip ly  res istant  S. dublin stra ins in 
B r i t a i n  is  at an ear ly  stage, although the serotype seems to be less  
endowed with plasmids than S. typhimurium and perhaps has d i f f i c u l t y  
in t h e i r  accumulation and r e p l ic a t io n .
Serum s e n s i t iv i t y
Many bacter ia  are k i l l e d  or prevented from growing when exposed 
t o  normal serum as the r e s u l t  of  a r e a c t io n  which may in v o lv e  
complement, antibody, lysozyme and other serum proteins (Taylor  and 
Hughes, 1978; Wilson and Miles,  1975).  Non-pathogenic bacter ia  are
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usua l ly  serum-sensitive whereas pathogenic and invasive bacteria  
are usual ly  serum-resistant (O i l in g ,  1977). Resistance to the 
e f f e c t s  of th is  reaction may depend upon the possession of a fu l l  
complement of 0-polysaccharide side chains (Taylor and Hughes, 1978; 
Wilson and Miles , 1975) or on certa in  outer membrane proteins (Mol l ,  
Manning and Timmis, 1980; Helmuth, Stephan, Bunge, Hoog, Steinbeck 
and Bul l ing ,  1985).  Resistance may also be associated with the 
possession of plasmids. Reynard and Beck (1976) and Binns, Mayden 
and L e v in e  (1982)  found plasmids to  be invo lved  w ith  the  serum 
r e s is t a n c e  of E. c o l i , and although th is  was not confirmed by Taylor  
and Hughes (1978),  Moll ,  Manning and Timmis (1980) demonstrated tha t  
re s is ta n c e  is  encoded by the t raT  gene which is  responsible fo r  the 
p r o d u c t i o n  of  an outer  membrane p r o te in  invo lved  in  the sur face  
exclusion of  plasmids. More recent ly  Helmuth, Stephan, Bunge, Hoog, 
Steinbeck and Bull ing (1985) described a re lat ionship  between the 
' se ro type-spec if ic '  plasmid of several Salmonella stra ins and t h e i r  
outer  membrane proteins and serum resistance,  while Wretl ind,  Becker 
and Haas (1985) found tha t  the possession of a R-plasmid in 
Pseudomonas aeruginosa led to an increase in serum s e n s i t i v i t y .
S e n s i t i v i ty  tests are usually carr ied out using r a b b i t ,  mouse or 
guinea-pig serum. In the experiments described here bovine serum 
was used since i t  was thought  t h i s  would g ive  a more accura te  
r e f le c t io n  of the performance of S. dublin stra ins in t h e i r  normal 
h os t .  Serum was collected from 1 animal, kept fo r  th is  purpose, and 
was used fresh on the day a f te r  c o l le c t io n ,  since storage may reduce 
i t s  bacter iocidal  capacity (Kalmanson, Hubert and Guze, 1964; 
Taylor,  Roberts and Gower, 1972).  Standard bacter ia l  inocula were 
prepared which contained logar ithmic phase organisms free  from media 
amino acids which may confer protection (Taylor ,  Roberts and Gower, 
1972).
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Serum-resistant stra ins of Salmonella w i l l  usually grow in 
r a b b i t  or mouse serum at 37°C (Manning, 1985) whereas in bovine serum 
t h e i r  numbers w i l l  decline slowly unless the serum is d i lu ted  or 
heated. Thus the terms 'serum-resistant'  and 'serum-sensit ive'  in 
t h i s  s i tuat ion  are r e l a t i v e .  At 2h incubation, however, a c lear  
d is t in c t io n  could be seen between the major ity  of s tra ins  and stra ins  
which had been t o t a l l y  removed. In fact  the percentage reduction of 
most of the l a t t e r  group had reached 100 within Ih .
There was a c lose c o r r e l a t i o n  between serum s e n s i t i v i t y  and 
agglutinat ion in 1/1000 neutral  a c r i f l a v in e .  All of  those stra ins  
which agglutinated immediately were serum-sensitive,  as were most of  
those s t r a in s  in  which a g g lu t in a t i o n  was de laye d .  S i m i l a r l y ,  
s tra ins  which were res is tant  to the smooth-specific phage P22 also 
tended to be serum-sensitive.  Whether th is  confirms a re la t ionship  
between the length of 0-side chains and serum s e n s i t i v i t y  is not 
c l e a r  s ince many o f  the  rough s t r a in s  have o ther  d e f i c i e n c i e s .  
However there is also a re la t ionship  between roughness and vi rulence  
which w i l l  be discussed l a t e r .
The range of s e n s i t iv i t y  of stra ins was large (32.0  to 100 per 
c e n t . ) although most strains clustered around the mean rate  at 80 per 
cen t .  Since the resul ts were found to be quite reproducible th is  
would indicate a large var ia t ion  in 0-polysaccharide content even in 
smooth s t r a i n s .  I t  would seem prudent to  conclude t h a t  o ther  
factors are probably involved.
There was no association between serum s e n s i t i v i t y  and 
possession of  plasmids and even stra ins which lacked the 
' serotype-specif ic '  plasmid remained serum-resistant.
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Growth ra te
There was l i t t l e  var ia t ion  in growth ra te  amongst the S. dublin 
s t r a in s  examined. The lag phase was short,  presumably because the 
inoculum was obtained from the same medium as the te s t  medium and the 
l a t t e r  was pre-warmed to 37°C before inoculat ion. The most rapid 
period of  growth was between 4 and 8h a f te r  inoculat ion when the 
generation time was approximately 25min for  the major ity  of s tra ins .  
Consequently, fo r  most s t ra in s ,  the period of exponential grov/th had 
ceased by 12h a f te r  inoculat ion .  This confirms previous
observations on the growth of salmonellas in s ta t ic  nutr ient  broth 
(Wilson and Miles,  1975).
There were several  s t r a in s  f o r  which the lag  or exponent ia l  
phase were extended and these were often those already found to be 
auxotrophic and those which grew poorly or did not grow on some of  
the se lect ive  agars discussed previously.-
The e f f e c t  of  growth r a t e  on v i r u le n c e  w i l l  be discussed in  
Section 3.
Possession of plasmids
At l e a s t  11 d i f f e r e n t  plasmids were de tec ted  in  S. d u b l in  
ranging in size from approximately 1 to 70Mdal, and 1 plasmid of  
approximately 50Mdal was found in 145 of the 147 stra ins examined. 
I t  must, however, be emphasised that  the method of size determination 
was extremely inaccurate.  Plasmids may only be sized accurately by 
electron-microscope measurement or DNA base mapping and these methods 
could not be j u s t i f i e d  in the present invest iga t ion .  S im i la r ly  
since plasmids, p a r t ic u la r ly  smaller species, may appear as more than 
one band on a ge l ,  without endonuclease digestion of  each s t ra in  i t  
is  not possible to guarantee e i th er  that each plasmid was d is t in c t  or 
t h a t  plasmids of the same apparent size were d i s t i n c t .  However 4
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s t ra in s  containing the 50Mdal plasmid were subjected to endonuclease 
digestion and the resultant  cleavage patterns indicated id e n t i t y .
With the exception of a 45Mdal plasmid in some of the American 
iso lates none of these plasmids was involved in a n t ib io t i c  resistance  
and t h e i r  function remains unknown. I t  is  of course possible that  
many or a l l  of the plasmids may have been copied in to  the chromosome 
such that  the absence of a plasmid does not confirm the absence of  
the genes which i t  carr ied .
A large plasmid of unknown function was discovered in S. 
typhimurium stra in  LT2 by Dowman and Meynell (1970).  Because i t s  
r o le  could not be determined i t  became known as a ' c ry p t ic  plasmid'.  
A simi lar  crypt ic  plasmid of approximately SOMdal was detected in 2 
s t r a in s  o f  S. dublin by Kayser, Devaud and Homberger (1978) and in 20 
Japanese and 2 European stra ins by Terakado, Sekizaki,  Hashimoto and 
Naitoh (1983).  Subsequently, Helmuth (1984) described
'serotype-spec if ic '  c rypt ic  plasmids tha t  were associated with 
virulence in approximately 90 per cent,  of a l l  S. typhimurium, S. 
e n t e r i t i d i s , S. dub l in  and S. c h o le ra e -s u is  i s o l a t e s  and Jones,  
C o l l in s  and Brown (1984) described 'serotype-spec if ic '  plasmids of  
approximately 50, 50 and 35Mdal in stra ins of  S. dub l in ,  S. rostock 
and S. e n t e r i t i d i s  respect ive ly .  This was confirmed by Popoff,  
Miras, Coynault, Lasselin and Pardon (1984) who described crypt ic  
piasmids in  S. dub l in  (47-51Mdal ) ,  S. para typh i  C (36M da l ) ,  S. 
newport (50Mdal),  and S. typhimurium (52-59Mdal) and Helmuth, 
Stephan, Bunge, Hoog, Steinbeck and Bull ing (1985) who found s im i la r  
plasmids in S. dublin (56Mdal),  S. e n t e r i t i d i s  (37Mdal),  S. 
cholerae-suis (30Mdal) and S. typhimurium (SOMdal). Strains of S. 
agona, S. bovis-morbif icans, S. heidel berg, S. i n f a n t i s ,  S. panama, 
S. paratyphi A, S. paratyphi B, S. sa in t -pau l ,  S. senftenberg and S. 
typhi carry heterologous plasmid populations or are plasmid-free.
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The l a t t e r  authors examined 56 st rains of S. dublin from 5 continents 
and found the 'serotype-spec if ic '  plasmid,in  89 per cent.  In the 
present  study only 2 strains did not possess the 50Mdal plasmid and 1 
of these, isolated in the USA, had a 70Mdal plasmid which may have 
been derived from the crypt ic  plasmid.
The function of th is  plasmid remains unknown. The plasmid-free  
s t r a i n  of  S. dublin (s t ra in  46) detected in th is  study did not d i f f e r  
from the plasmid-containing stra ins in any of the character is t ics  
examined.
I t  is  interest ing  that  S. rostock, which resembles S. dublin
a n t ig e n ic a l ly  and biochemically,  also has a 50Mdal plasmid, while S.
blegdam, which resembles S. e n t e r i t i d i s , has a 35Mdal plasmid.
I t  was a lso  interest ing  tha t  a l l  but 1 of the S. dublin s t ra in s ,
the 5 stra ins of S. e n t e r i t id is  and the strains of S. rostock, S.
blegdam and S. moscow a l l  h y b r id iz e d  w i t h ,  and t h e r e f o r e  showed 
considerably  homology, with a Sa lI /Xhol  digestion fragment from the 
' se ro type -spec i f ic '  plasmid of  S. typhimurium. The association of 
t h i s  fragment with the virulence of the stra ins w i l l  be discussed in 
the next section. For the present i t  would indicate that  the SOMdal 
plasmid in the S. dublin stra ins is probably the same plasmid or a 
plasmid derived from the same evolutionary stock. S im i la r ly ,  the 
70Mdal plasmid of  S. d u b l i n ( 124) which did not co n ta in  a SOMdal 
plasmid may represent the l a t t e r  plasmid, possibly with addit ional  
fragments which may account for  th is  s t ra in 's  a n t ib io t ic  resistance.  
Homology is  also suggested with the plasmids of S. e n t e r i t i d i s ,  S. 
ro s to ck ,  S. blegdam and S. moscow. A s imilar  homology has also been 
found by Baird and Williamson (1985 -  personal communication) with 
plasmids of S. abortus-ovis,  S. cholerae-suis and S. e n t e r i t i d i s  but 
not with several other serotypes, perhaps indicat ing evolut ionary  
divergence from a common plasmid amongst several members of the genus.
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I t  was o r i g i n a l l y  hoped t h a t  ' p la s m id - t y p in g '  may have been 
useful in epidemiology since the technique has been used successfully, 
with S. typhimurium (Taylor ,  Levine and Kouvelos, 1982; Taylor ,  
Wachsmuth, Shangkuan, Schmidt, B arre t t ,  Schrader, Scherach, McGee, 
Feldmen and Brenner, 1982; Brunner, Margadant, Peduzzi and 
P i f f a r e t t i ,  1983; Holmberg, Wachsmuth, Hickmann-Brenner and Cohen, 
1984; Nakamura, Ohmae, Suzuki and Ikeda, 1985).  Unfortunately the  
possession of only 1 50Mdal plasmid by most European st rains of S. 
dublin renders th is  charac te r is t ic  of no importance for  
d i f f e r e n t i a t i o n .
-Haemaggl utin ins
Surveys of the haemagglutinins of salmonellas have shown that  
between 49 and 92 per c e n t ,  o f  s t r a in s  possess a MSHA which was 
associated with type 1 f imbr iae (Duguid, Anderson and Campbell, 1966; 
Duguid, Anderson, Alfredsson, Barker and Old, 1975; Williams and 
Whittmore,  1975; B a l je r ,  Fischer,  Beck and Mayr, 1982; Kuhn, 1981) .  
Most o f  the st rains studied were S. typhimurium, which appears to be 
more consistently  f imbriated than other serotypes, although Duguid, 
Anderson and Campbell (1966) demonstrated a MSHA i n 4  of 5 f imbriated  
s t ra in s  of S. dublin .  In contrast ,  Kuhn (1981) could only detect  
type 1 f imbriae in 6 of  108 stra ins of S. dub l in .
A MSHA was found on 131 (89 per c e n t . ) o f  the  147 s t r a in s  
examined here. These stra ins were studied fu r th e r  by Brown 
(personal communication, 1983) who found, by e lectron microscope 
s tu d ies ,  that  the MSHA, which also occurred on 74 per cent,  of 305 
stra ins  of 52 other Salmonella serotypes, was always associated with 
type 1 f imbriae .  Brown also found 2 MRHA's of S. dub l in ,  which he 
designated MRHAl and MRHA2. MRHAl was only produced on sol id  medium 
at  37°C and 42°C, was not destroyed by heating at 65°C and
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a g g lu t in a te d  e ry th ro c y te s  from r a t s  or mice.  MRHA2 v/as only  
produced in l iq u id  media at 37°C, was destroyed at 65°C and 
a g g lu t in a te d  erythrocytes from 9 animal species. The MRHAl was not 
associated with f imbriae which could be visualised by electron  
microscopy. The MRHA2 only occurred on stra ins which also possessed 
type  1 f im br iae  and therefore i t s  association with a d is t in c t  type of  
f imbriae could not be determined.
Mannose-resistant haemagglutinins, although d is t in c t  from those 
described here, which were non-eluting, were described previously on 
s t r a in s  of  S. sendai and S. s a l i n a t i s  by Duguid, Anderson and 
Campbell (1966) and S. typhimurium by Jones and Richardson (1981) and 
J a v e n d a le ,  Jardine, Old and Duguid (1983).  This is  the f i r s t  report  
of  MRHAs on S. dublin s t ra in s ,  and of 2 d is t in c t  MRHAs on the same 
c e l l ,  a l th ough  such a phenomenon has been descr ibed in  E. c o l i  
( Isaacson, 1977; Isaacson, 1980).
I t  v/as inte resting that  the haemagglutinins were d is t r ibuted  
amongst the stra ins both geographically and according to t h e i r  animal 
or human o r ig in .  MSHA was rare on strains from America but common
on European s t ra in s ,  whi lst MRHA2 occurred almost e n t i re ly  on Br i t ish
i s o la te s  and MRHAl was most common on American iso la te s .  MSHA was 
present on a l l  stra ins isolated from humans in Europe. This may 
again r e f le c t  the d is t r ibu t ion  of  d i f f e r e n t  clones and may, as shall 
be discussed l a t e r ,  be associated with the virulence of the s t ra in s .
There was no association between haemagglutinins and the
possession of plasmids nor was there any association between 
haemagglutinins and phage-type or biotype as observed with the FIRN 
( non-f imbr ia te ,  inositol-rhamnose-negative) biotype of S. typhimurium 
(Jones, Rabert,  Svinarich and W h i t f ie ld ,  1982).
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Production of bacteriocins
None of the S. dublin st rains produced bac ter ioc ins ,  which is in 
agreement with the observations of Wray and Clarke (1974) who found 
only 3 of  150 stra ins to be bacteriocinogenic.  These authors also 
tested st rains fo r  s e n s i t i v i t y  to known bacter iocins but ,  although
they distinguished 19 d i f f e r e n t  s e n s i t iv i t y  patterns,  66 per cent, of 
t h e i r  stra ins were res is tan t  and they thought tha t  th is  property
would not be of pract ical  value as an epidemiological marker.
Bacter iocinogenicity  appears to be more common in other  
sero types .  Twelve per cent,  of S. typhimurium (Barker,  1980) and 16 
per c e n t ,  of S. agona (Barker and Old, 1982) s tra ins  have been shown 
to  produce bacteriocins and th is  character was useful in 
d i f f e r e n t i a t i n g  and tracing the emergence of s tra ins  with in d i f f e r e n t  
phage- and biotypes.
Production of enterotoxin
Since the e lucidation of the ro le  of an enterotoxin in diarrhoea  
caused by sh ige l las ,  v ibr ios and Escherichia co l i  many investigators  
have attempted to demonstrate the role of a s im i la r  toxin in 
salmonellosis (Giannella ,  Formal, Dammin and Co l l ins ,  1973; 
Sakazaki,  Tamura, Nakamura and Kurata,  1974; Sandefur and Peterson,  
1976; Taylor and Wilk ins,  1961; Koupal and D e ibe l , 1975; Kuhn,
1981; Thapliyal and Singh, 1979; Sedlock, Koupal and Deibel,  1978;
Peterson and Sandefur, 1979; Koo and Peterson, 1981; Molina and 
Peterson, 1980; Peterson, Houston and Koo, 1981; C a p r io l i ,  
D'Agnolo, Falbo, Roda and Tomasi, 1982; Koo, Peterson, Houston and 
M o l i n a ,  1984) and the  n e u t r a l i s a t i o n  of such a t o x i n  by cho le ra  
a n t i - to x in  (Jiwa and Mansson, 1983) and i t s  p u r i f i c a t io n  
(F inke ls te in ,  Marchlewicz, McDonald and Boesman-Finkelstein,  1983; 
Singh, Sharma and Singh, 1985) have been reported.  According to  
Jiwa (1981) such a c t i v i t y  is widely d is tr ibuted  amongst salmonellas.
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Methods for  the detection of enterotoxins have included the use 
of rabbit  l iga ted  i l e a l  loops (Sack, Gorbach,-. Banwell , Jacobs, 
Ghatterbee and Mitra ,  1971),  in fant  or suckling mice (Dean, Ching, 
Williams and Harden, 1972; Stavr ic  and J e f f re y ,  1977),  sealed adult  
mice (Richardson, Giles and Kruger, 1984),  rabbi t  skin permeabil i ty  
assays (Sandefur and Peterson, 1976) and various cel l  cu l ture assays 
such as elongation of Chinese hamster ovary c e l ls  (Guerrant, Brunton, 
Schnaitman, Rebhun and Gilman, 1974) and destruction of Vero ce l ls  
(Konawalchuk, Speirs and S tavr ic ,  1977).  Many of these methods were 
evaluated by Jiwa (1981) who recommended the detection of  rabbi t  skin 
permeabil i ty factors as the most sensit ive and r e l i a b le  assay 
-ava i la b le .
In the experiments described here 19 S. dublin stra ins produced 
RPF and 17 DPF, w h i le  the  known e n te r o t o x ig e n ic  E. c o l i  s t r a i n  
produced RPF and the known n o n -e n te ro to x ig e n ic  E. c o l i  d id  not  
produce e i th e r .  Both factors were stable to heating at 80*C for  30 
min. Thus according to Jiwa (1981) a l l  S. dublin s tra ins tested  
co u ld  be said to  produce an e n t e r o t o x i n .  This could not be 
confirmed by the Vero and CHO cel l  assays which concurs with the  
r e s u l t s  o f  Smith, Green and Parsell  (1983) who could not detect Vero 
toxin in 18 serotypes of  Salmonella although E. co l i  st ra ins were 
V e r o - p o s i t i v e .  RPF and DPF produced by sonicates of S. dublin grown 
on BA could not be destroyed by heating at 100°C fo r  Ih and i t  is  
d i f f i c u l t  not to conclude tha t  these reactions may have owed more to  
the presence of soluble endotoxin than enterotoxin.
General discussion
A la r g e  amount of data has been assembled on 147 stra ins of S. 
d u b l in  and the o v e ra l l  impression produced is  o f  a homogeneous 
n a t u r a l  grouping of  s t r a i n s .  There are however some im portan t
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d i f fe re n c e s  between the s t ra in s ,  p a r t ic u la r ly  those isolated in the 
various countries, in re la t io n  to biochemical types, phage-types,  
a n t ib io t ic  resistance and possession of f imbriae and haemagglutins.
T h e re  are im portan t  d i f f e r e n c e s  w i t h in  the groups from the  
var ious c o u n tr ies  which enable  s t r a in s  to  be d i f f e r e n t i a t e d ,  or  
s i m i l a r  st rains to be id e n t i f i e d .  Thus amongst the st ra ins there  
were 2 t h a t  were o r i g i n a l l y  d e r ived  from S. d u b l i n ( 2) and t h e i r  
a n c e s t r y  is  c l e a r .  S t r a i n  21 was i s o l a t e d  from a l a b o r a t o r y  
guinea-pig which, i t  was thought, was infected by cross-contamination 
f rom r a t s  e x p e r im e n ta l ly  i n f e c t e d  w ith  S. d u b l i n ( 2 ) .  These 2 
s t r a in s  were v i r t u a l l y  id e n t ic a l ;  they gave the same biochemical 
re a c t io n s ,  had the same growth requirements and growth r a t e ,  were 
s u s c e p t i b l e  to  the  same phages and, as may be seen in  the  next  
section,  t h e i r  virulence in mice and rats was very s im i la r .  The 
only di fferences detected were tha t  S. dublin(2) was s l ig h t l y  more 
serum sensit ive  and required O.lpg/ml of n ico t in ic  acid fo r  growth 
r a t h e r  than 0.05yg/ml.  S. du b l in (120) was derived from S. dub l in (2) 
by passage on laboratory media and, as w i l l  be discussed in the next 
s e c t i o n ,  was a v i r u l e n t  in mice.  Apart from not producing a 
s l im e-wal l  the former was biochemically indistinguishable  from i t s  
p a re n t ,  although i t  had a slower growth rate  (S. dub l in (2) MDT 0-8h 
2 6 . 2 m i n ;  S. d u b l i n ( 120) 29 .4m in )  and was more s e n s i t i v e  to  the  
b a c te r io ly t i c  e f fe c t  of bovine serum (S. dub l in (2) 2h reduction 73.6  
per cen t . ;  S. dub l in (120) 87.4 per cen t . ) .
Two o f  the S. dublin iso la tes  were very s im i lar  to the l i v e  c a l f  
vaccine s t r a in ,  S. du b l in ( l ) ,  and 1 had been id e n t i f ie d  previously as 
t h e  M e l la v a x  s t r a i n  by the  VI c e n t re  at  which i t  was i s o l a t e d .  
These 3 s tra ins were the only representatives of phage type 12, gave 
t h e  same rea c t io n s  to  the rough/smooth phages, had very s i m i l a r  
growth rates (MDT 0-8h, 26 .5 ,  26 .0 ,  26.1min resp e c t ive ly ) .
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agglut inated in 1/1000 neutral a c r i f l a v in e ,  were serum-sensit ive (100 
per cen t . ) ,  v i ru le n t  in mice but av iru lent  in ra ts ,  produced MRHAl 
and MRHA2 and were id e n t ic a l  in  a l l  o ther  respects  and y e t  they  
belonged to 3 d is t in c t  biotypes (Walton, 1972). S. dub l in ( l )  typed 
as b io typ e  E, S. dublin(23) as biotype A and S. dub l in (57) as biotype 
D. This  was as a resu l t  of the lack of fermentation of arabinose in 
SS agar by s t ra in  57 and the a b i l i t y  to ferment trehalose by both 
s t r a i n  23 and 57, yet  a l l  3 st ra ins fermented trehalose in peptone 
w a t e r  sugars and in  the API 50 system, and s t r a i n  57 fermented  
arabinose by these 2 methods. I t  would, therefore ,  appear unwise to  
d i f f e r e n t i a t e  the vaccine s t ra in  purely on i t s  reaction to these 2 
carbohydrates in SS agar.
S i m i l a r i t y  between other st ra ins was not so s t r ik in g  and there  
was l i t t l e  corre la t ion  between the reactions of st ra ins in individual  
t e s t s .  However, strains which were atypical in 1 reaction were
often atypical in others. The reactions of the 2 st ra ins which 
resembled S. typhi have already been discussed. The other French 
s t r a in s  were also a typ ica l .  Apart from possessing the Vi antigen 
and being anaerogenic they grew poorly on iso la t ion  media, did not 
u t i l i s e  mal a te ,  did not ferment xylose, had a slow growth ra te ,  low 
upper temperature l i m i t  for  growth and 2 of the stra ins required  
th ia m in e .  S i m i l a r l y ,  the anaerogenic  s t r a in s  37 and 76 were 
a ty p ic a l  in other character is t ics  such as lack of m o t i l i t y ,  slow 
growth ra te  and requirement fo r  tryptophan.
The stra ins of S. e n t e r i t i d i s ,  S. blegdam, S. moscow, S. rostock 
and S. naestved were included in the study s ince they c l o s e l y  
resembled S. dublin sero logica l ly  and could, there fore ,  be controls  
to  the biochemical homogeneity of S. dublin .  I t  was remarkable that  
S. rostock and S. naestved were v i r t u a l l y  indis tinguishable  from S. 
d u b l in  even in t h e i r  requirement for  n ico t in ic  acid.  I t  would seem
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more reasonable to consider them as serological var iants of S. dublin 
which could be given the formula 1 ^ 9 ,1 2 :g p [u ] [s ] : - .  S. e n t e r i t id is
could c lea r ly  be distinguished from S. dublin biochemically,
e s p e c i a l l y  on the basis of arginine decarboxylation. S. blegdam was
v i r t u a l l y  indistinguishable from S. e n t e r i t id is  while S. moscow
appeared in an intermediate posit ion .
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Introduction
The v i r u le n c e  and pathogenesis  of  i n f e c t i o n  by sa lm o n e l las ,  
p a r t i c u la r l y  with S. e n t e r i t id is  and S. typhimurium in laboratory  
r o d e n t s ,  has been e x t e n s iv e ly  s tu d ie d ,  u s u a l ly  in  an at tempt to  
understand typhoid fever  in man and to elucidate immune mechanisms.
S. dubl in has been less frequently studied, and such studies 
have u t i l i s e d  a small number o f  s t r a in s  many o f  which have been 
maintained in the laboratory fo r  long periods.
The aim of  t h i s  sec t ion  was, t h e r e f o r e ,  to  i n v e s t i g a t e  the  
v a r i a t io n  in virulence and pathogenesis of a large population of  
mainly  f re sh ly - iso la ted  stra ins from various sources, and to attempt 
to  demonstrate a re lat ionship  between the observed var iat ions and the 
character is t ics  of  the st rains described in the previous section.
Materials and Methods
Bacterial  st rains
The s t ra ins  of Salmonel1 a used, th e i r  source, i s o la t io n ,  
propagation and maintenance were described in Section 2.
Preparation of inocula
Bacter ia l  suspensions for  in fect ing  mice and rats  were produced 
by inoculation of BT from the contents of v ia ls  stored at -70°C as 
descr ibed above. The BT broth was incubated at 37°C fo r  18h, a f te r  
which t im e  the salmonel las had m u l t i p l i e d  to  a c o n c e n t ra t io n  of  
approximately 10^/ml. The concentration of bacter ia  in inocula was
determined by spreading 0.1ml volumes of appropriate d i lu t ions  in
\
0 .85  per cent,  (w/v) sal ine over the surface of BGSD and BA. Plates  
were incubated at 37°C and colonies which developed were counted 
a f te r  24h.
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Suspensions of bacter ia  were prepared by serial  d i lu t io n  of BT 
i n  0 . 8 5  per c e n t . (w /v )  s a l i n e  and were adm in is te red  to mice in  
volumes of 0.1ml and to rats  in volumes of 1ml.
The suscep t ib i l i ty  of 6 mouse st rains to S. dublin
Groups of  8,  12 or 16, 6-8 week old, male, I/M/COM, Balb/C/COM, 
Lac/G/COM, C57/B1/6/COM, CW/COM or C3H/He/C0M mice were boxed singly  
and fed  water  and p r o p r i e t a r y  feed nuts ad l i b i t u m .  Mice were 
inoculated with 0.1ml volumes of  appropriate d i lu t ions  in 0.85 per 
cen t ,  (w/v) sal ine of an 18h BT culture of S. dub l in (2 ) ,  delivered  
from a 'pear-drop' needle placed approximately 1.5cm down the  
oesophagus. Mice were examined da i ly  for  up to 14d and the number 
of deaths recorded.
All  mouse stra ins were inoculated with at leas t  3 concentrations 
of  S. d u b l in (2) and the LD50 was calculated according to  the method 
of Reed and Muench (1938).
The e f fec t  of oral inoculation method on the s u s c e p t ib i l i t y  of mice 
to in fect ion  with S. dublin
Mi ce .  In a l l  experiments C57/B1/6/COM ( l a t e r  referred  to as C57) 
mice (male 5-6 weeks) were used. They were boxed singly and fed as 
described above.
In o c u la t io n  technique. Mice were inoculated o r a l ly  using a 20 gauge 
needle from which the sharp end had been removed and replaced by a 
drop o f  solder ( 'pear-drop' needle).  Volumes of inocula of 0.1ml 
were de l ive red  with the needle placed e i ther  1.5cm or 3.0cm (F ig .  20) 
down the oesophagus.
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Enumeration of S. dublin in mouse tissues. The concentration of S. 
d u b l in  in  t is s u e s  and f l u i d s  o f  mice was determ ined on BGSD as
described previously. Salmonellas were also iso lated  by enrichment 
cu ltu re  in RAPP and SBG.
E f fe c t  of inoculation technique on s u s c e p t ib i l i ty  of mice to oral
c h a l 1 enge. Two groups o f 32 mice each rece ive d  6 .5  x 10^ s .  
dubl i n ( 2 ) ,  which was delivered at a depth of e i th e r  1.5cm or 3.0cm 
down the oesophagus. Numbers of mice dying were recorded d a i ly  up 
to 14d.
The s ig n i f ic a n c e  of the d i f f e r e n c e  in  m o r t a l i t y  between the  
groups was assessed by the chi-squared te s t .
This experiment was also repeated using groups of 16 LAC/G mice 
given S. d u b lin (2) and groups of 16 C57 mice given S. typhimurium (DR 
8 3 / 2 ) .  In a fo u r th  exp erim ent, 2 groups o f 16 C57 mice each 
received S. d u b lin (2) delivered at e i th e r  1.5 or 3.0cm, w h ils t  a
th ird  group received the same dose at 1.5cm a f te r  the inoculating
needle had been inserted to 3.0cm and then withdrawn to 1.5cm before  
de live ry .
In another experiment groups of 16 mice were given 3 doses of S. 
dubl in  ranging from 10^ to 10^, delivered e ith e r  in to  the mouth or at 
a depth of 1 .0 ,  2 .0  or 3.0cm down the oesophagus.
Colonisation of mice inoculated at 1.5 or 3.0cm
Two groups o f 24 mice each rece ived  1 .2  x 10^ s .  dubl in
delivered at e i th e r  1.5 or 3.0cm, as above, and 4 mice from each
group were k i l le d  a f te r  1, 2 , 3 , 4 and 5d respective ly  and
necropsied. Samples of blood were removed ase p tic a l ly  from the
heart and prevented from c lo t t in g  by the addition of 0.02ml heparin 
(25 u n its /m l)  and spleen, small in te s t in e  (contents and w a ll)  and
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caecum (contents and w all)  were removed asep tica lly  and homogenised 
by g r in d in g  in a G r i f f i th s  tube. Tissues were weighed, appropriate
d i lu t io n s  in 0.85 per cen t. (w/v) saline prepared, and the
concentration of S. dublin determined as described above.
The 4 mice from each group which were not k i l le d  were observed
and numbers dying were recorded d a i ly  up to  14d.
Exam ination of mouse lungs as a s i te  fo r  immediate penetration of the  
organism
To d e te rm in e  whether an inoculum d e l iv e re d  a t 1.5cm gained  
immediate access to the lungs 2 groups of 16 mice each received 1.4 x
o
-10^ S. dublin delivered at 1.5 or 3.0cm. The mice were k i l le d  Imin 
a f t e r  inoculation and the lungs of each mouse were removed 
a s e p t i c a l l y .  One h a lf  of each lung was enriched in RAPP and the  
other in SBG as described previously.
Fate of the inoculum w ithin 2h of administration
Two groups of 4 mice each received approximately 10^ S. dubl in  
d e liv e re d  at e i th e r  1.5 or 3.0cm. The mice were k i l le d  Imin a f te r  
in o cu la t io n  and the number of salmonellas in blood, lung, spleen, 
stomach (wall and contents), in te s t in e  (wall and contents) and caecum 
(w a ll  and contents) were determined. The to ta l number of S. dublin  
in  each organ or viscera was determined by m ultip ly ing the S. dublin  
count/gram by the weight of t issue examined.
o
Additional groups of mice were inoculated with approximately 10 
organisms, k i l le d  a f te r  5, 10, 20, 30, 60, 90 and 120min and examined 
as above.
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Excretion of S. dubl in in the faeces of mice inoculated at 1.5 or 
3.0cm
Two groups of 8 mice were inoculated with 1.6 x 10^ S. dubl in at 
1.5 or 3.0cm, d is tribu ted  into  clean mouse boxes without bedding, in 
groups of 4 mice/group, and given access to water and proprietary  
feed p e l le ts  ad l ib i tu m . The to ta l  faecal output of each group was 
c o l le c te d  at 30min in te rv a ls  up to 6.5h a f te r  inoculation and then at 
60min in te rv a ls  up to 15h. The mice were moved to a clean box a f te r  
each sampling in te rv a l .
The faeces were weighed, the to ta l  number of S. dublin  
determined as previously described and results  calculated as the 
- to ta l number of S. d u b lin /g of faeces excreted/mouse and the  
cumulative excretion/mouse fo r  each time period.
Rate of passage of the inoculum
The ra te  of passage of the inoculum along the alimentary t r a c t  
in mice inoculated at 1.5cm or 3.0cm was determined by in je c tin g  
Evans blue dye (1 per cent, (w /v ))  in to  the oesophagus of 36 mice at 
each depth. The mice were k i l l e d  a f te r  1, 2 ,  3 , 5 , 10 or 20min and 
the depth of penetration of the dye along the in te s t in e  measured.
E ffec t  of cu lture  in laboratory media on the v irulence of salmonellas
Comparison of the virulence of S. dublin grown in v i t r o  and contained 
in infected faeces
The virulence of S. dub lin (2 ) ,  which had been cultured 4 times 
in laboratory  media before being preserved in 0.85 per cent, (w/v) 
s a l in e  frozen at -70°C, was compared to the v irulence of the same 
s t r a in  contained in the faeces of an experimentally infected h e ife r  
which had been excreting fo r  8 months.
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In o c u la  of b a c te r ia  grown in  vivo were prepared by d i lu t i n g  
faeces in  0.85 per cent, (w/v) s a l in e ,  and those grown in .v it ro  were 
prepared from an 18h cu lture  in BT as described previously. In 
a d d it io n ,  inocula of bacteria  were prepared by suspending S. dublin ,  
from  an 18h c u l tu r e  in  BT, in  faeces from a h e i f e r  f r e e  from 
Salmonella.
The 3 types of inocula were d ilu ted  appropriate ly  in sa line  and 
administered in 0.1ml volumes to  groups of 20 CW/COM mice (female, 
6 -8  weeks) such th a t  6 groups o f mice f o r  each typ e  o f inoculum  
rece ived  2 .5  x  i c f ,  2 .5  x  10^ or 2 .5  x  10^ organisms o ra l ly  or 2 .5  x  
10^, 2 .5  X 10^ or 2 .5  x  10 organisms I /P .  In ad d it io n , 6  groups of 
-20 CW/COM mice each received d i lu t io n s  of c a t t le  faeces in 0.85 per 
c en t,  (w/v) sa line  equivalent to the d ilu t ions  of faeces containing  
S. d u b lin .
Comparison of the virulence of S. tvphimurium grown in v i t r o  and 
contained in infected colon contents
Since the previous experiment u t i l is e d  S. dublin from an 
experim enta lly  infected animal the experiment was repeated using 
in fe c te d  colon contents from a n a tu ra l ly  infected animal. A c a l f  
in fe c te d  with S. typhimurium was used in the absence of a su itab le  S. 
dublin infected animal.
S. typhimurium (s tra in  C128/9, phage type U188), contained in 
the  colon contents of a c a l f  which had died of salmonellosis, was 
compared to the virulence of the same s tra in  iso la ted  from the c a l f  
by d ire c t  p lating  of a mesenteric lymph node on BGSD.
In o c u la  o f S. typhimurium grown in  v i t r o  and in  v ivo  were 
prepared as above and, in add it ion , bacteria  grown in BT broth were 
suspended in the colon contents removed at necropsy from a c a l f  of 
s im i la r  age to the one from which the s tra in  of S. typhimurium was
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i s o la te d .  The former c a l f  died from e n te r i t is  from which no known
ent.eropathogens were iso lated  (see Section 1 ) .  The 3 inocula were
adm in istered  as above to groups of 10 C57 mice (5 male, 5 female, 5-6
2 3weeks) such that 6 groups of mice fo r  each inoculum received 10 , 10 
or 10^ organisms o r a l l y  or 10^, 10^ or 10^ organisms I / P .  In  
addition a d i lu t io n  of colon contents free  from salmonellas in 0.85  
per cent, (w/v) sa l in e ,  equivalent to  the highest d i lu t io n  of colon 
contents  received by the te s t  mice, was administered o ra l ly  or by I /P  
in je c tio n  to 2 groups of 5 mice.
E ffect of subculture on BGSD, BA and RAPP on the v irulence of S.
-dublin and S. tvohimurium
The iso la te  of S. typhimurium (C128/9) was subcultured from the  
o r ig in a l  BGSD on to Dorset egg medium (Oxoid, PM5), incubated at 37°C 
fo r  18h and then kept at 4°C. I t  was s im ila r ly  cultured on to  BGSD, 
BA and RAPP and incubated at 37°C fo r  24h. A fu r th e r  30 subcultures
on the l a t t e r  3 media were carried  out.
S. d u b l i n ( 2 ) was removed from a v ia l  f ro z e n  a t -70°C  and 
subcultured on BGSD, BA and RAPP in the same manner.
Inocula of each s tra in  fo r  administration to mice were prepared 
from each medium a f te r  5 , 10, 20 and 30 subcultures by inoculation of 
BT as above. The S. typhimurium was adm in is te red  o r a l l y  to  12 
groups o f 16 CW/COM mice (male, 5-6 weeks) so tha t each group of mice 
received approximately 10^ organisms grown on each of the media to  
d if fe re n t  passage le v e ls .  The S. dublin was s im ila r ly  administered 
o r a l l y  to 12 groups of C57 mice (male, 5-6 weeks) so that each group 
received approximately 10^ organisms. The orig ina l iso la tes  of S.
dub lin  and S. typhimurium described above were also administered 
o ra l ly  to groups of 16 mice as contro ls .
a it>
Determination of oral LD5Q of Salmonella strains in C57 mice
The virulence of a l l  156 stra ins of Salmonella was determined in  
C57 mice and the LD50 value calculated according to the method of 
Reed and Meunch (1938). At leas t  3 groups of 16, male, 6-8 weeks 
o ld ,  C57 mice, were inoculated with 0.1ml volumes of appropriate  
d ilu t io n s  (usually 10%, IQ^ and 10^ but up to l o / ,  10^ and 10^) of 
b a c te r ia  in 0.85 per cent, (w/v) sa lin e , of an 18 hour BT cu ltu re ,  
delivered  from a 'pear-drop' needle placed precisely  1.5cm down the 
oesophagus. Strains fo r  which an LD50 value in excess of 10^ was 
determined were repeated to  ensure the accuracy of the f i r s t  
d e te rm in a tio n . Mice were boxed s ing ly , allowed access to water and 
p ro p r ie ta ry  mouse feed nuts ad lib itum  and examined twice d a i ly .  
The number of mice dying or k i l le d  in extremis was recorded fo r  14d 
a f te r  inoculation .
Determination of the in traperitonea l LD50 of Salmonella stra ins in  
C57 mice
The I /P  LD50 of a l l  s tra ins  with an oral LD50 in excess of 10^ 
was determined as above but using I /P  rather than oral inocu la tion .
Virulence of S. dublin in rats
Determination of oral le th a l dose
Groups of 10 3 week old male or female rats  of the following  
s tra in s :  PVG/c/COM, Sprague Dawley/Olac, L is te r .  Hooded/01ac,
Wi>star/01ac, AUG/01 ac, WAG/01 ac, F344/01ac, AGUS/Olac, Osborne 
Mendel/Olac, COP/Olac, CR(LE)BR, CDF'"(F-344)/CRLBR and ACI/N/Olac 
were inoculated o ra l ly  from a 'pear-drop' needle placed approximately 
3.0cm down the oesophagus with 0.5ml of a BT cu ltu re  of S. d u b lin (2) 
containing approximately 10^^ b a c te r ia .  Rats were observed fo r  14d
217
and the number of animals dying w ith in  th is  time recorded. The
inoculum was produced by centr ifug ing  10ml of an 18h BT broth at 
2500xg fo r  15min and resuspending the centrifuged organisms in 0.5ml 
of the or ig ina l broth.
Rats which survived the orig ina l inoculation were challenged 
a f te r  30d with approximately 5.0 x 10^ (female ra ts )  or 1.0 x 10^
(male r a t s )  S. d u b l in ( 2) adm in is te red  I / P ,  and deaths occ u rr in g
within 14d recorded.
Determination of the in traperitonea l LD50
The I /P  LD50 was determined by inoculation of 3 groups of 10 
male PVG/c/COM rats  or 3 groups of 10 female PVG/c/COM ra ts  with
approximately 10^, 5.0 x 10^ or 10^ S. dub lin (2) as above.
Determination of the virulence of Salmonella stra ins in PVG rats
The virulence of Salmonella stra ins in PVG/c/COM rats  was 
determined by I /P  inoculation of 10, 6 to 8 week o ld , male ra ts  with  
approximately 10^ bacteria  of each s t ra in .  Volumes of inocula of 
1ml were prepared from an 18h BT cu lture  as above; rats  were boxed 
in  groups of 10, allowed access to water and p roprie tary  feed nuts ad 
1 ib i t u m , and examined d a ily  fo r  14d. Strains which k i l le d  less than
5 rats when f i r s t  inoculated were repeated.
Pathogenesis of in fection  bv Salmonella stra ins in C57 mice
The pathogenesis o f in f e c t io n  o f 8 s t r a in s  o f  Sa lm one lla  o f  
vary ing  degrees of virulence was studied in C57 mice. Groups of 20,
6 to  8 week old, male C57 mice were inoculated o ra l ly  (as above) with  
approximately 10^ bacteria  and a f te r  24, 48, 72 and 96h 4 mice in 
each group were k i l l e d  and the  number o f sa lm onellas  in  b lo o d ,  
spleen, small in tes tin e  contents, small in te s t in e  w a l l ,  caecum
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contents  and caecum wall was determined (as above). The remaining 4 
mice in  each group were examined d a i ly  for 14d a f te r  inoculation and 
the number dying w ith in  th is  period recorded.
E ffec t of iron on virulence
Selected stra ins of S. dublin were used to determine the e f fe c t  
of th e  simultaneous administration of iron on v iru lence . Groups o f  
8 , 6 to  8 week o ld , female C57 mice were inoculated I /P  with a dose 
o f S. dubl in approximating to the I /P  LD50 and a s im ila r  group fo r  
each s tra in  received the same dose and 0.1ml of 10 per cent, (w/v) 
f e r r i c  ammonium c i t r a t e .  Deaths occurring w ithin 14d of inoculation  
were recorded.
Correlation between oral LD50 in C57 mice and ch a ra c te r is t ics  of the 
stra ins determined in Section 2
The corre la t ion  between the biochemical, physiological and 
morphological character is t ics  of the stra ins described in Section 2 
and t h e i r  v iru le n c e  in  C57 mice was determ in ed . S t a t i s t i c a l  
analyses, where appropriate, were carried out using the 'M in itab '  
s ta t is t ic a l  package (M in itab , S ta t is t ic s  Department, Pennsylvania 
State U n ive rs ity ,  USA) on a VAX 11/750 computer.
Results
The s u s c e p t ib i l i ty  of 6 mouse stra ins to S. dublin
The s u s c e p t ib i l i ty  of 6 mouse stra ins to oral in fe c tio n  with S. 
dubl i n ( 2) is  shown in  Table 52. I/M/COM were the  most and 
C3H/He/C0M the le a s t  s u s c e p t ib le  to  i n f e c t i o n .  Three sep ara te  
estimations were made using C57 mice and, as the v a r ia t io n  between 
the estimates was s l ig h t ,  these were used in most fu tu re  experiments.
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Table 52. The v i ru lenc e  (oral  LD50) o f  Salmonella d u b l I n (2) 
in 6 s t ra in s  o f  mice
Mouse s t r a in  Oral LD50
I/M/COM 1.3 X ,0%
Balb/C/COM 2.3 X 10^
Lac/G/COM 9.0 X 10%
C57/B1/6/C0M 8.8 X 10^:
1.1 X lO^:
1.9 X lO^:
CW/COM 3.4 X 10^
C3H/He/C0M 1.0 X 10^
*  resul ts  o f  3 separate est imat ions
2 20
The e f fe c t  of oral inoculation method on the s u s c e p t ib i l i ty  of mice 
to in fec tio n  with S. dublin
E f fe c t  o f inoculation technique on s u s c e p t ib i l i ty  of mice to oral 
challenge
The e f fe c t  of de livering  S. dubl in in to  the oesophagus of mice 
at a depth of 1.5 or 3.0cm is  shown in Table 53. M o rta l i ty  was 
s ig n if ic a n t ly  higher (P <0.001) and the onset of disease more rapid  
in mice which received the 'shallow ' (1.5cm) ra ther  than the 'deep' 
(3.0cm) inocu la tion . S im ilar resu lts  were achieved when using Lac/G 
mice (P <0.01) as shown in Table 54, or S. typhimurium (P <0.001) as
-shown in Table 55.
S im i la r ly ,  when groups of mice were inoculated at 1.5cm, 3.0cm 
or 1.5cm a f te r  f i r s t  insert ing  the inoculating needle to 3.0cm, the  
m o r t a l i t y  ra te  depended on th e  depth o f in o c u la t io n  . ra th e r  than  
insert ion  (P <0.05) as shown in Table 55.
Table 57 shows the resu lts  obtained when mice were inoculated in 
the  mouth, at 1 .0 ,  2 .0  or 3.0cm. The LD50 was considerably lower in 
mice receiv ing the inoculum at 1.0cm (P <0.001) and was highest in 
mice inoculated at 3.0cm.
Colonisation of mice with S. dublin
The colonisation of mice given 10^ s.  dubl in is  summarised in  
Table 58. S. dublin was only recovered in countable numbers from 
mice inoculated at 1.5cm. Organisms were iso lated  from a l l  tissues  
and f lu id s  examined w ith in  72h of inocu lation .
Three of the 4 mice which received S. dublin at 1.5cm and were
not k i l l e d  fo r necropsy had died w ith in  8d whereas a l l  4 inoculated
at 3.0cm survived.
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Table 53 » E f fe c t  o f  Inocula t ion  technique on s u s c e p t i b i l i t y  
of LaC/G mice to ora l  in fe c t io n  wi th  
Salmonella dublIn
Cumulative m o r t a l i t y  in 16 mice 
Time a f t e r  given 1.3x10^ S. dublin
in fe c t io n  a t  an inocula t ion depth o f :
(days)
r —   ^
1.5cm 3.0cm
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 1 0
7 1 0
8 2 1
9 6 2
10 8 2
11 10 2
12 10 2
13 10 2
14 10 2
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Table 5 4 . E f fe c t  of  inoculat ion technique on s u s c e p t i b i l i t y  
of C57 mice to oral  in fe c t io n  with  
Salmonella dubl in
Cumulative m o r t a l i t y  in 32 mice 
Time a f t e r  given 6.5x10^ S. dubli n
in fe c t io n  a t  an inoculat ion depth o f :
(days)  A
r
1. 5cm 3.0cm
1
2
3
4
5
6
7
8
9
10 
11  
12
13
14
0
0
0
0
0
5
13
19
19
21
23
23
23
23
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Table 5 5 . E f fe c t  o f  inocula t ion  technique on s u s c e p t i b i l i t y  
of  C57 mice to in fec t io n  w i th  Salmonella  
typhimurium.
T-. Cumulative m o r ta l i t y  in 16 mice
I n f L u o r  given S.Sx I qZ S _ t y ph!murium.
(days) a t  an inocula t ion  depth o f :
\
1.5cm 3.0cm
1 0 0
2 0 o
3 0 0
4 0 0
5 2 0
6 4 0
7 4 0
8 8 0
9 8 0
10 10 0
11 10 1
12 10 1
13 10 1
14 10 1
224
Table 56 . E f fe c t  o f  inocu la t ion  technique on s u s c e p t i b i l i t y
of  C57 mice to ora l  in fe c t io n  wi th  Sa 1monel1 a dublin
Time a f t e r  
in fec t ion  
(days) r
Cumulative m o r t a l i t y  in 16 mice 
given 1.3x10^ S. dublin  
a t  an inocula t ion  depth o f :
______________ A________________
1 .5cm 1.5cm a f t e r  
need 1e withdrawn 
from 3.0cm
3.0cm
1
2
3
k
5
6
7
8
9
10 
11  
12
13
14
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Table 57» The v i ru lence  (oral  LD50) o f  Salmonella dub]in  
Î n C57 mice when d e l iv e red  a t  4 s i tes
S i te  o f  inocu la t ion  LD50
Mouth 6,0 X 10^
Oesophagus 1.0cm from mouth 5 .0 X l o ’
Oesophagus 2.0cm from mouth 1.2 X 10^
Oesophagus 3.0cm from mouth 7.0 X 10^
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Table 58 . Colonisat ion of  mice wi th  S. dublin fo l low ing
3inoculat ion wi th 1.2x10 organisms
Time a f t e r Mouse Concentrat ion of S. d u b i in /g  o f :
in fe c t io n  (hours) number blood spleen caecum in te s t in e
24 1 - - - -
2
3 -
1.0x10^
- -
48
4
5 3.0x10^ I .OxlO^ I.OxlO^
6 - - 2.0x10^ -
7
8
- - 2.0x10^
72 9 1.0x10^ 1.6x10^ I .OxlO^ I.OxlO^
10 - - 1.0x10^ I .OxlO^
I I 2.0x10^ 7.0x10^ - -
12 - - 1.2x10^ -
96 13
14
1.9x10^
2.5x10^
2.0x10^
4 . lx lO > 3.0x10^
1.0x10^
15 1.6x10^ 2.1x10^ - -
16 - 1.5x10^ - 1.0x10^
120 17 2.6x10^ 2.0x10^ 2.0x10^ -
18 - 1.2x10^ - -
19 2.0x10^ 1.4x10^ 4.0x10^ 2.0x10^
20 1.0x10^ I . I x l O ^ - -
Mice 1-20 were a l l  inoculated to a depth o f  1.5cm
Salmonellas were not detected in mice inoculated to a depth o f  3*0cm
2 2 7
Exam ination o f mouse lungs as a s i te  fo r immediate penetration of the  
organism
S . dub iin  was not isolated from the lungs of any of the 32 mice 
examined Imin a f te r  inoculation .
Fate of the inoculum w ith in  2h of administration
The passage of the inoculum down the alimentary t r a c t  fo r  the  
f i r s t  2h a f te r  inoculation is shown in Tables 59 to  66. At both 
inocu la tion  depths the organisms had passed through the stomach and 
could be found as fa r  as the caecum within Imin as shown in Table 59.
The inoculum appeared to have moved more rap id ly  when administered 
^at 3.0cm than when administered at 1.5cm. This was however not 
apparent a f te r  5, 10 or 20min (Tables 60-62) although a f te r  a l l  these 
times there were s l ig h t ly  more organisms in the in te s t in e  and 
s l ig h t ly  less in the stomach of animals inoculated at 3.0cm ra ther  
than 1.5cm. S im ilar resu lts  were not obtained at 30min by which 
tim e the organism had again reached the caecum of 1 mouse in each 
group. A fte r  60min the caecum had become colonised in a l l  mice in  
both groups, although there were considerably more salmonellas in the  
caeca o f  mice inoculated at 3.0cm. The number of salmonellas in the  
stomach had declined by over 90 per cent, of the leve ls  present a f te r  
Im in .  Table 65 shows the continuation of th is  process a f te r  90min. 
By t h i s  t im e the  number o f  organisms in  the  i n t e s t i n e  had a lso  
d ec lined , the caeca of both groups contained almost 10^ salmonellas 
and numbers in  the  stomach had d ec lined  to  10^ or less  in  both  
groups. A fte r  2h the stomachs of mice in both groups were v i r t u a l l y
fre e  from S. dub lin . The leve ls  in the in te s t in e  had declined to
4 33 .0  X 10 in mice inoculated at 1.5cm compared to  5 .8  x 10 in mice
in fec ted  at 3.0cm, and the numbers in the caeca of both groups had
declined to ju s t  over 10^ (Table 66 ) .
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The percentage of the inoculum recovered from the mice a f te r  
each tim e period, is also shown in the tab les . The maximum recovery 
was 2 6 .0  per cent, a f te r  Imin. S im ilar recovery rates were recorded 
up to  60min a f te r  which recovery leve ls  declined such that only 1.2 
per cen t, were recovered a f te r  2h from mice inoculated at 3.0cm.
Although differences between the groups were small and could not 
be analysed s t a t i s t i c a l l y ,  since only 4 mice were used/group, i t  
appeared tha t at 3.0cm the ra te  of passage of salmonellas down the 
alimentary t ra c t  was quicker than at 1.5cm.
Salmonellas were not recovered from the blood or spleens of any 
of the  mice although small numbers (up to 1.9 x 10^) were recovered 
.from several of the lungs, p a r t ic u la r ly  of animals necropsied shortly  
a f te r  inoculation .
Excretion of S. dublin in the faeces of mice inoculated at 1.5 or 
3.0cm
The excretion of S. dublin in the faeces of infected mice is  
shown in F ig . 21 which i l lu s t r a te s  the mean excretion/g  of 
faeces/mouse and Fig. 22 which shows the cumulative excretion/mouse. 
Organisms had begun to  appear in the faeces of both groups w ithin  
60min of inocu lation . They reached a peak a f te r  2h and declined  
s low ly  over the next 13h such tha t less than 5 x 10^/9 were being 
excreted  a f te r  15h. The to ta l  numbers excreted had only reached 10^ 
(10 per cent, of the inoculum) a f te r  15h. Salmonellas appeared in 
the  faeces of mice inoculated at 3.0cm a f te r  Ih in higher numbers 
than in mice inoculated at 1.5cm although there was no s ig n if ic a n t  
difference in to ta l  numbers excreted up to 15h.
2 3 7
Fig. 21 Excretion o f SaLmoneLLa dubLfn by o r a lly  
In fected  mice i excre tio n  per gram o f 
faeces per mouse.
,6M-
ce Inoculated a t , -
1, 5cm 
■+ 3. 0cm
6 8 
Hours
10 12 14 16
23
F I g. 22 Excret f on o f Sa LmonGLLs dubLIn by o r a LLy 
In fected  mice « cumulative excretio n  
per mouse.
0
m
cI
Co*
Mice Inocu Lat ed a t • -
-H* 1.5cm 
-+ 3. 0cm
14 162 4 6 8 10 120
Hours
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Rate of passage of the inoculum
The ra te  of passage of Evans blue dye along the in te s tin e  of 
mice is  shown in F ig . 23. The dye moved more rap id ly  in animals 
in o cu la ted  at 3.0cm than in animals inoculated at 1.5cm (P <0.001 at 
3min).
E ffect of cu lture  in laboratory media on the v irulence of salmonellas
Comparison of the virulence of S. dublin grown in v i t r o  and contained 
in infected faeces
The e f f e c t  of in v i t r o  cu lture  on the v irulence of S. dublin fo r  
mice is  shown in Table 67. Culture in laboratory media did not lead 
to  any reduction in v iru lence. On the contrary the LD50 was higher 
in mice which received infected faeces e ith e r  o r a l ly  or I /P .
None of the mice which received faeces free  from salmonellas
died.
Comparison of the virulence of S. tvphimurium grown in v i t ro  and 
contained in infected colon contents
The e f fe c t  of cu lture  on the virulence of S. ty  phi murium fo r  
mice is  shown in Table 68. Fewer mice died as a re s u lt  of receiving  
in fe c te d  colon contents I /P  whereas, conversely, s l ig h t ly  more mice 
died as a resu lt  of receiving infected colon contents o r a l ly .
None of the mice which received colon contents free  from 
salmonellas died.
Effect of subculture on BGSD, BA and RAPP on the v irulence of ^  
dublin and S. tvohimurium
The e f fe c t  of subculture on the virulence of S. dublin and S. 
typhim uriurn is  shown in  Tables 69 and 70 . Apart from small
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Fig. 23 Passage o f Evans blue dye along the
alim entary tra c t  o f mice when Inoculated  
at 1 .5  or 3 .0  centim etres.
09oL.
4-»oe
(DCJ
30
28
26
24
22
20
18
16
14
12
10
8 3. 0cm 
1. 5cm
6
4
2
0
0 2 4 6 8 10 12 14 16 18 20 22
Minutes
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Table 67 . The v iru lence  of  Salmonella dublin in groups o f  20 CW/COM 
mice inoculated wi th  n a t u r a l l y  infected faeces,  organisms 
grown in v i t r o  and organisms grown in v i t r o  and d i lu te d  in 
normal faeces
Route o f  inocula t ion Inoculum LD50
Oral Infected faeces
4
1.3 X 10
in v i t r o  grown 
S, dubi in
3.9  X 10^
in v i t r o  grown 
S„ dubi in  in 
normal faeces
4 .8  X 10^
i n t raper i  toneal Infected faeces 6 .2  X 10^
in v i t r o  grown 
So dubiin
<10^
in v i t r o  grown 
So dubi in  in 
normal faeces
<10^
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Table 68.  The v i ru lence  of  Salmonella typhimuriurn in groups of 10
C57 mice inoculated w i th  n a t u r a l l y  in fected colon contents , 
organisms grown in v i t r o  and organisms grown in v i t r o  and 
d i lu te d  in normal colon contents
Route o f  inoculat ion nocuIum LD50
Oral in fected  colon contents 1 . 9  X 10^
in v i t r o  grown 3.4  X 1 0 ^
S. typhimuri um
in v i t r o  grown 3 . 1  X 10 ^
So typhimurium i n
colon contents
In t ra p e r i to n e a l  in fected  colon contents 1 . 8  X i o ’
in v i t r o  grown <5.0  X 10°
So tvphimurium
in v i t r o  grown < 5 . 0  X 1 0 °
So typhimurium i n
colon contents
2 4 3
Table 69.  The m o r ta l i t y  in groups o f  16 C57 mice inoculated wi th
Number of  subcultures Subculture medium Dose Tota l  deaths
5 BA 1.0 X ■ o'* 6
BGSD 8.6 X 10^ 6
RAPP 7.4 X 10^ 11
O r ig ina l  i s o la te 7.0 X 10^ 8
10 BA 7.8 X 10^ 9
BGSD 1.0 X 10^ 5
RAPP 7.9 X 10^ 8
O r ig ina l  i s o la te 1.2 X 10^ 11
20 BA 1.4 X 10^ 7
BGSD 1.6 X 10^ 0
RAPP 5 .7 X 10^ 4
Or ig ina l  is o la te 1.4 X 10^ 11
30 BA 1.1 X 10^ 11
BGSD 1.1 X 10^ 0
RAPP 8.0 X 10^ 9
Or ig ina l  i s o la te 8.1 X 10^ ,  8
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Table 70. The m o r ta l i t y  in groups o f  16 CW/COM mice inoculated wi th
Number o f  subcultures Subculture medium Dose Tota l  deaths
5 BA 5.0 X 10^ 15
BGSD 1.0 X 10^ 11
RAPP NT -
Orig ina l  i s o la te 1.0 X 10^ 12
10 BA 4 .9 X 10^ 7
BGSD 4 .4 X 10^ 9
RAPP 6 .6 X 10^ 9
Or ig ina l  i s o la te 7 .8 X 10^
20 BA 6 .6 X 10^ 15
BGSD 5.8 X 10^ 11
RAPP 7.6 X 10^ 11
O r ig ina l  i s o la te 7.4 X 10^ * 12
30 BA 5 .3 X 10^ 13
4
BGSD 5 .3 X 10 13
RAPP 5.3 X 10^ 10
O r ig ina l  i s o la te 5 .4 X 10^ - 6
NT = not tested
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d i f ferences in m orta l i ty  ra tes ,  probably re lated to dose, no 
reduction in virulence on subculture was observed with S.
typhimuri  um. However a reduction in virulence of S. dublin cultured  
on BGSD for  20 and 30 occasions was detected. A f te r  30 subcultures 
t h i s  s t ra in  was not lethal  in mice inoculated with doses as high as 
10^. I t  was subsequently included in th is  study as S. d ub l in (120).  
Apart from loss of virulence i t  resembled the parent s t ra in  in a l l  
respects including aerogenicity ,  smoothness and possession of the 
'serotype-spec if ic '  SOMdal plasmid associated with virulence (see 
Section 2 ) .
. Determination of oral LD50 of Salmonella strains in C57 mice
The oral  LD50 of 156 stra ins of Salmonella is  shown in Table 71.  
S t r a in s  which did not k i l l  mice when inoculated at doses of greater  
than 10^ are fo r  convenience recorded as having an LD50 of 10^. All  
other  values were those recorded according to the method of Reed and 
Meunch (1938).
Fig.  24 shows the log(lO) LD50 values plotted as a histogram.  
The mean LD50 was 3.2 (1.7 x 10^) with a standard deviat ion of  1 .4 .  
The median was 2.9  i n d i c a t i n g  t h a t  the data was not norm al ly  
d i s t r ib u t e d .  Nine st rains had an LD50 value greater  than 10^ and 
these are referred to l a t e r  as 'av i ru len t  s t r a in s ' .  Another 14 
s t r a i n s  had an LD50 value greater than 10^ and these are described 
l a t e r  as st rains of 'reduced v i ru le n ce ' .
F i g .  25 shows the  d i s t r i b u t i o n  of v i r u le n c e  amongst s t r a in s  
i s o la te d  from animals. Only 1 s t ra in  had an LD50 value greater  than 
10^ and 2 greater than 10^ and the mean was 2 .6  (4 .4  x 10^) with a 
standard deviation of 0 .7 .
The d i s t r i b u t i o n  of  s t r a in s  i s o l a t e d  from a d u l t  c a t t l e  and 
calves  in  Great B r i ta in  is shown in Figures 26 and 27 respect ive ly .
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Table 71 » The v i ru lence  of  I 56 Salmone l l a  s t ra ins  
in C57 mice and PVG rats
S tra in  Oral LD50 in M o r t a l i t y  in
number C57 mice Log(lO) rats (n = 10)
1 I S  0
2 2 .7  9
3 2 . 2  10
4 2.5 10
5 2.1 9
6 1 . 8  9
7 2 .9  9
8 2 . 3  10
9 2 . 9  9
10 2 . 5  10
11 2 . 8  0
12 3.5  1
13 2.6  10
14 1,5 9
15 2.2  9
16 2,4  8
17 2.7 9
18 3 . 0  10
19 2.4 10
20 4.3  9
21 2 . 8  10
22 2 , 2  10
23 2.7 0
24 2.4 9
25 2.4 10
26 2.7  9
27 2 .5  10
28 2.6  7
29 3.0 9
30 1 .8  10
31 3.1 9
32 2 . 2  10
33 2.3  10
34 2.6 10
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Table 71 contd.
S t ra in  Oral LD50 in M o r t a l i t y  in
number C57 mice Log(io) rats  (n = 10)
35 2.0  8
36 2.3 10
37 3.5 0
38 2.9 10
39 2 . 0  10
40 2.3 10
41 2.2  9
42 2,0 8
43 2.9 7
44 2 .3  9
45 2.2  8
46 8.0 4
47 2.0 8
48 2.1 7
49 2.4 3
50 2 .7  7
51 2.4 8
52 2.0  6
53 2.3  7
54 2.5 7
55 2.9 7
56 2.5 10
57 2.3 0
58 3.0 10
59 2.3 9
60 2 . 2  10
61 2.1  10
62  2 .5  10
63 2.6 9
64 2.6 10
65 2 .5  10
66 2 . 5  10
67 2.3 7
68 2,6 6
69 3.0 10
2 4 8
Table 7 1 contd.
S t ra in  Oral LD50 in M o r t a l i t y  in
number C57 mice Log(io)  rats (n = 10)
70 2.5 7
71 3.2 9
72 2 .6  10
73 2.2 10
74 2 . 0  10
75 2.3 9
76 4.3 4
77 1.8 8
78 2 . 8  10
79 2.5 7
80 2 . 9  10
81 2.4 10
82 2 .7  9
83 2.5 10
84 2.3 10
85 3.0 10
86 3.0  10
87 3.0 8
88 2 . 7  10
89 3.4 8
90 2.9 10
91 2.8  9
92  3.1  10
93 2.5 9
94 2.4 10
95 2.3 9
96 3.0 7
97 4.1 9
98 2.9 9
99 3.6 10
100 2 . 8  10
101 3 . 3  9
102 3.1 9
103 3.1 8
104 3.6 10
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Table 71 contd.
S t ra in  Oral LD50 in M o r t a l i t y  in
number C57 mice Log(io)  rats (n = 10)
105 3.3 10
106 3.1 10
107 3.8 9
108 3.3 9
109 3.5 6
110 3.2  8
111 3 . 6  8
112  3.1 10
113 3.1 8
114 3.7 9
115 3.8 10
116 2 . 6  10
117 3.0 9
118 2.9 9
119 3.9 10
120 8 . 0  5
121 8 . 0  0
122 3 .0  6
123 3.3 5
124 5.4 2
125 4.3 9
126 6.1 3
127 4.7 2
128 8 .0  0
129 4,0 8
130 3.9 10
131 8 . 0  0
132 5.0 10
133 4.7 8
134 8.0 5
135 6.9 9
136 8.0 4
137 6 . 0  0
138 3.2 1
139 3.3 7
2 5 0
Table 71 contd.
S t ra in  Oral LD50 in M o r t a l i t y  in
number C57 mice Log(io)  rats (n = 10)
140 3.5 8
141 2.7 9
142 4 .0 0
143 3.6 9
144 3.0 10
145 2 .5 9
146 2 .6 7
147 2 .5 8
148 3.1 9
149 4 .4 9
150 3.1 10
151 3.1 8
152 4.3 8
153 3.4 7
154 8.0 0
155 2.8 4
156 8 .0 10
2 5 1
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The mean value for the former was 2.9 (± 1.2) and for  the l a t t e r  2.5  
(± 0 . 4 ) .  There was no s ign i f ican t  difference between the values for  
t h e  2 groups (p > 0 . 0 5 ) .  S i m i l a r l y  th e re  was no s i g n i f i c a n t
d i f f e r e n c e  between the LD50 of these 2 groups and the virulence of  
s t r a in s  isolated from animal s lu r ry ,  the d is t r ib u t io n  of which is  
shown in Fig. 28. The mean of  th is  group was 2.7 ( ± 0 . 7 ) .
Figure 29 shows the vi rulence of strains iso lated from humans in 
G re a t  B r i t a i n .  The mean o f  t h i s  group was 3 .3  (± 0 . 3 )  and the  
s t r a in s  were s ig n i f ic a n t ly  less v i ru len t  than stra ins isolated from 
animals (p <0.001) .  These stra ins were themselves s ig n i f ic a n t ly  
more v i r u l e n t  than s t r a in s  i s o l a t e d  from humans in the  USA (p
. < 0 . 0 0 1 ) ,  the d is t r ibu t io n  of which is  shown in Fig. 30. This l a t t e r  
group showed a considerable var ia t ion  in virulence ranging from 3.0  
to 8.0 with a mean of 5.1 (± 1 . 8 ) .
S t r a i n s  i s o la te d  from c a t t l e  in Holland were s l i g h t l y  less  
v i ru le n t  than s imi lar  stra ins isolated in Great B r i t a in ,  v/ith a mean 
f o r  t h e  former of  3 .1  (± 0 . 5 ) ;  however t h i s  d i f f e r e n c e  was not 
s i g n i f i c a n t  (p >0 .05 ) .  Fig.  31 shows the d is t r ib u t io n  of these 
Dutch stra ins whose LD50 values ranged from 2.5 to 4 .0 .
Strains obtained from France, the d is t r ib u t io n  of which is shown 
in Fig.  32, were considerably less v i ru len t  than a l l  other groups. 
T h e i r  LD50 values ranged from 4.7 to 8.0 with a mean of 6.4 (± 1 . 4 ) .  
However, since only 6 stra ins from a wide var ie ty  of sources were
in ves t iga ted ,  the s igni f icance of th is  d i f ference was not
invest igated.
Mice infected with v i ru len t  stra ins began to die from 6d a f te r  
i n f e c t i o n  although th is  was obviously dependent on dose. The d a i ly  
m orta l i ty  in mice inoculated with 10^ organisms o r a l ly  and calculated  
from the results  of a l l  st rains with LD50 values below 10^ is shown 
in Fig.  33. The m orta l i ty  rate  increased rap id ly  between 6 and 8d
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a f te r  inoculation then slowly declined, such that  only a very small 
number of  stra ins were s t i l l  causing deaths a f te r  14d. This pattern  
was observed with a l l  of the stra ins tested. When the dose was 
reduced to 10^, deaths were f i r s t  recorded a day l a t e r  than with a 
dose o f  10^, w h i le  w ith  a dose of  10^ deaths began to  occur Id  
e a r l i e r .
Determination of the in traper itoneal  LD50 of Salmonella st rains in 
C57 mice
The I /P  LD50 values of 'a v i ru le n t '  stra ins or st ra ins of  
' reduced v iru lence '  are shown in Table 72. Several v i ru le n t  stra ins  
.are included fo r  comparison. There was a close corre la t ion  between 
the oral  and I /P  values. Ful ly  v i ru len t  stra ins had I /P  LD50 values 
of  less than 10^ and s im i lar  values were obtained for  stra ins of  
'reduced v i ru le n c e ' .  The exceptions were s tra ins 124, 125, 126, 
13 2 ,  and 133 which had LD50 values in excess o f  10^ but s t i l l  
cons iderab ly  lower than t h e i r  equivalent oral value.  Strain 20 was 
in terest ing  in having an I /P value identical  to the oral LD50 value.
The 'a v i ru le n t '  st ra ins generally remained av iru lent  when 
administered I /P  although, with the exception of stra ins 134, 135 and 
154, they  were able to k i l l  mice by th is  route. Two 'a v i ru le n t '  
s t r a in s  (121 and 128) had I /P  LD50 values considerably lower than the 
others  and s t ra in  121 with an LD50 ( log 10) value of  1.4 was s im i la r  
to the ' v i r u le n t '  st rains by th is  route.
Virulence of S. dublin in rats
Determination of oral lethal  dose
S. dub l in (2) was not le thal  in any of the 13 st ra ins of  3 week 
old rats when administered o ra l ly  at a dose of 10^^. However, a l l
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Table 72» In t rap er i to n ea l  LD50 values o f  s t ra in s  o f  Salmonella
S tra in  Oral LD50 Log(10) I /P  LD50 Log(10)
2 2 .7  <1 ,0
3 2 . 2  < 1 . 0
12 3 . 5  1 . 8
20 4 .3  4.3
22  2 . 2  < 1 . 0
25 2.4 <1.0
26 2.7 <1.0
46 8,0 5.7
76 4 .3  <1.0
96 3 . 0  < 1 .0
97 4.1 <1.0
120 8.0 4 .8
121 8.0 1.4
124 5.4 1.6
125 4.3 1.7
126 6.1  2 . 9
127 4.7 <1.0
128 8.0 2.4
131 8.0 >6.0
132 5.0 1 .8
133 4 .7  1.7
134 8.0 >7.0
135 6.9 <1.0
136 8.0 >7.0
137 6 , 0  < 1 . 0
141 2.7 <1.0
142 4.0  <1.0
149 4.4 <1.0
152 4.3 <1.0
153 3.4 <1,0
154 8.0 >7,0
156 8.0 5.3
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of the rats tested were res is tant  to a normally lethal  dose 
administered I /P  28d a f te r  the oral dose.
Determination of the intraper itoneal  LD50
The I /P  LD50 in PVG rats  infected with S. dub l in (2) was 6.8 x 
10^ in males and 4.7 x 10^ in females.
Determination of the virulence of Salmonella stra ins in PVG rats
The number of ra ts ,  per group of  10, k i l l e d  by each of the 156 
Salmonella  st rains tested at an approximate dose of  10^ is shown in 
Table  71 and the d is t r ib u t io n  is shown in Fig. 34. The number of  
deaths ranged from 0 to 10 and the mean was 7.9 (± 3 . 0 ) .  As is  
obvious from Fig.  34, the data was not evenly d is t r ib u te d .  One 
hundred and twenty eight stra ins (82 per c e n t . ) k i l l e d  7 or more rats  
w h i le  11 stra ins  were not le tha l  at the dose used. There was a poor 
corre la t ion  between virulence in rats  and virulence in mice but th is  
can be explained by the uneven d is t r ibu t io n  of both sets of data and 
the  apparent ly  aberrant behaviour of a few s t ra in s .  Thus, although 
the mean oral LD50 in mice of st ra ins which k i l l e d  6 or less rats was 
4 . 8  compared to the overall mean of 3 .2 ,  several s t ra ins which were 
f u l l y  v i ru le n t  in mice were r e l a t i v e l y  av iru lent  in ra ts .  These 
included in p a r t ic u la r  st rains 1,  11, 23, 49, and 57. S im i la r ly ,  
while most of the strains c la s s i f ie d  as 'a v i ru le n t '  or of 'reduced 
virulence' in mice were also av iru lent  or reduced in vi rulence in 
r a t s ,  3 of  the  former were f u l l y  v i r u l e n t  (1 3 2 ,  135 and 1 5 6 ) .  
Possible reasons for  th is  discrepancy w i l l  be discussed l a t e r .
The ra te  at which rats died following I /P  inoculat ion is  shown 
in  F ig .  35.  Maximum deaths occurred on the day following  
i n o c u la t io n  then declined on the th i rd  day, increased on days 4 and 5 
and th en  dec l ined  r a p i d l y .  U n l ik e  the r a t e  o f  deaths repor ted
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e a r l i e r  in mice, there was considerable lack of uniformity between 
the  s t ra in s .  Since only 1 dose was used in rats i t  is not possible 
to  conclude whether th is  was dose dependent but th is  did not appear 
to  be the case. I t  is not possible to present the data for  each 
s t r a in ,  however Table 73 shows the rate  of m o r ta l i ty  in selected 
s t r a i n s .  Two types of reaction occurred; some stra ins k i l l e d  rats  
rap id ly  on the f i r s t  or second day fol lowing inoculation while in 
others  death was delayed often unt i l  5 or 6d a f te r  inoculat ion.  The 
pathogenesis of infection in rats  was not studied and i t  was not 
possible to determine whether th is  di fference was due to rats dying 
of e i ther  septicaemia or e n t e r i t i s .
Pathogenesis of infect ion bv Salmonella stra ins in C57 mice
The spread of in fect ion  of 8 strains of S. dublin inoculated 
i n t o  C57 mice o r a l l y  at  a dose o f  approx im ate ly  10^ c e l l s  was 
s t u d i e d .  The s t r a in s  used were 1 (o ra l  LD50, 2 . 9 ) ,  2 ( 2 . 7 ) ,  3
( 2 . 2 ) ,  14 ( 1 . 5 ) ,  46 ( 8 . 0 ) ,  76 ( 4 . 3 ) ,  97 (4 .9 )  and 128 (8 .0 )  and t h e i r
r a t e  of  growth in the t issues of mice is shown in Figs. 36 to 43.  
The f ig u re s  on the graphs are mean values of 4 mice at each time 
per iod and they are plotted on the same scale fo r  ease of comparison. 
Stra in  1 (F ig .  36) was only detected in the blood and spleen and 
reached a level of over 10^/g in the l a t t e r  a f te r  96h. Stra in 2 
( F i g .  37) was also found pr imar i ly  in the blood and spleen and the  
organism was beginning to grow in caecum wall a f te r  96h.
Colonisation by s t ra in  3 (F ig .  38) was more rap id .  A f te r  96h the  
spleen contained more than 10^ organisms/g and bacter ia  were
r e p l i c a t i n g  in the small in te s t ine  and caecum. Strain  14 (F ig .  39) 
was essent ia l ly  s imilar  to stra in  3 and a l l  t issues contained between 
10^ and 10^ organisms 96h a f te r  in fe c t io n .  Salmonellas were also 
found in a l l  tissues of mice infected with s t ra in  97 (F ig .  40) 96h
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Table 73. Cumulative m o r t a l i t y  in groups o f  10 PVG rats
infected w i th  selected Salmonella s t ra in s  in t ra p e r i to n e a l1 y
Cumulative m o r t a l i t y  1 to 11 days
S tra in  Dose
1 2 3 4 5 6 7 8 9 10 11
3 9:1 X 10^ 0 1 1 1 3 5 7 10 10 10 10
10 1.4 X 10^ 9 9 9 9 9 10 10 10 10 10 10
39 6,2 X 10^ 2 9 10 10 10 10 10 10 10 10 10
59 6.3 X 10^ 0 0 0 0 0 1 2 6 6 7 9
60 1,4 X 10^ 10 10 10 10 10 10 10 10 10 10 10
85 7.2 X 10^ 0 0 0 7 8 10 10 10 10 10 10
100 7.2 X 10^ 0 6 6 7 9 9 10 10 10 10 10
104 9.9 X ,0» 1 3 4 7 10 10 10 10 10 10 10
<08 9.9 X 10^ 0 6 9 9 9 9 9 9 9 9 9
119 5.7 X 10» 9 10 10 10 10 10 10 10 10 10 10
150 6 .3 X 10® 8 9 9 9 10 10 10 10 10 10 10
269
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Fig. 36 The spread o f Sa Lmone L La dubLîn (1) In C57 mice.
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Fîg. 37 The spread o f Sa Lmone Lis dublin  (2) In C57 mice.
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Fig. 39 The spread o f Sa Lmone L La dubLfn (14) In C57 mice.
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Fig. 41 The spread o f SsLmoneLLs dub I t  n (76) In C57 mice.
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Fig. 43 The spread o f SaLmoneLLa dubLln (46) In C57 mice.
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after inoculation but the rate of accumulation in caecum and small 
in t e s t in e  was slower than in the blood and spleen. The la t t e r  
contained in excess of 10  ^ salmonel1as/g after 96h. Strain 76 (Fig. 
41) behaved in a similar manner to strain 1 with the organism being 
detected only in the spleen and blood after 96h although organisms 
were s t i l l  detectable in the caecum after 24h. Salmonellas were 
also only found in the spleen and blood of mice infected with the
3
'a v iru le n t*  strain 128 after 96h when the spleen contained 2.9 x 10 
salmonellas/g (Fig. 42). After 96h less than 5.0 x 10  ^ organisms/g 
were detected in the tissues of mice infected with strain 46 (Fig. 
43) although the organism was s t i l l  present in the caecum after 24h.
With the exception of strain 97, the rate of accumulation of 
salmonellas in the spleen could be correlated with virulence, and 
th is  was reflected in the mortality in the infected mice which were 
not necropsied within 96h. All mice inoculated with strains 1, 2,
3, 14, and 76 died, 3 of 4 mice inoculated with strain 97 died and
all mice inoculated with strains 46 and 128 survived.
Effect of iron on virulence
The effect of the simultaneous inoculation of fe rr ic  ammonium 
c i t r a te  on the virulence of selected strains is shown in Table 74. 
Administration of iron was associated with an increase in mortality  
in mice inoculated with 3 of the strains and a decrease with 3 other 
strains. The differences were not significant.
Correlation between oral LD50 in C57 mice and characteristics of the 
strains determined in Section 2
I t  would not be possible to analyse all the characteristics of
S. dublin and relate them to virulence, therefore characteristics 
which have previously been associated with virulence and
2 7 9
Table 74. E f fe c t  of  f e r r i c  ammonium c i t r a t e  on the v i ru len c e
o f  Salmonel1 a s t ra in s
Strain I/P LD50 Dose
Number of  deaths in groups of 
8 mice inoculated in t ra p e r i to n e a l1 y with
bacteria only bacter ia  and 1 per cent.  f e r r i c  ammonium c i t r a t e
12 7 .8 X 10^ 9.1 X lo ' 6 8
20 2 .2 X 10^ 6 .3 X ,o3 4 7
46 4 .5 X io5 5.0 X lo5 6 2
120 7.5 X lo" 3 .7 X io5 6 8
121 2 .7 X lo' 3.9 X l o ' 5 5
125 5 .2 X loV 3.9 X lo ' 8 8
126 9 .7 X 10^ 4 .7 X 10^ 8 8
128 2 .7 X 10^ 1.0 X 10^ 4 4
131 >1.0 X 10^ 4.1 X 105 6 2
133 5.1 X 10^ 6.8 X 10^ 8 6
134 >1.0 X 107 6.9 X 10^ 0 0
136 >1.0 X 107 2 .6 X 10^ 0 0
154 >1.0 X 107 6 .2 X 10^ 0 0
156 2 .4 X 10^ 4 .9 X 10^ 0 0
Total : 61 58
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characteristics which might theoretically have shown such an 
association were chosen for further study.
The virulence of ‘ rough' and 'semi-rough' strains
Strains which agglutinated immediately in 1/1000 neutral 
acrif lav ine  are described as 'rough' strains and those which 
agglutinated slowly are described as 'semi-rough'. The oral LD50 of 
these s tr^ n s  in C57 mice and the percentage mortality of the strains 
in PVG rats is shown in Table 75. The mean virulence of the former 
in mice was 4.5 (± 2.4) and of the la t te r  5.9 (± 1 .6 ) .  Their mean 
when combined was 5.2 (± 2 .1 ) ,  which was considerably higher than the 
.mean of the 'smooth' strains which was 3.0 (± 1 .2 ). The difference 
between the 'rough' and 'smooth' strains was not s ig n if ic a n t (p 
>0.1). However the differences between the 'semi-rough' and the 
'smooth' strains (p <0.005), and both groups combined and the 
'smooth' strains (p <0.005), were highly significant. The
distribution of these strains according to their virulence in mice is 
shown in Fig. 44. From this figure i t  can be seen that there were 4 
strains that were to ta lly  comparable to the majority of the 'smooth' 
strains, whereas Table 75 indicates that none of these strains was 
virulent in rats and, apart from the 'semi-rough' strains 132 and 
133, ra t virulence was a better measure of the virulence of 'rough' 
strains than mouse virulence.
M otility
The virulence of non-motile strains is shown in Table 76. Two 
of these strains (131, 142) were also 'semi-rough' and were avirulent 
in ra ts ,  but apart from these strains the virulence did not appear to 
be associated with m otility , and non-motile strains (mean LD50 in C57 
mice, 3.9 ± 1.8) were not significantly less virulent than motile 
strains (mean, 3.2 ± 1.4).
3 8 1
able 75. The virulence of 'rough' and 'semi-rough' strains
StraIn
of Salmonella
Rate o f  agglutinat ion  
in 1/1000 neutral  
acri  f lav ine
Oral LD50 in 
C57 mice 
log(lO)
Percentage 
m orta l i ty  in 
PVG rats ( I /P )
1 Immediate 2.9 0
11 II 2.8 0
12 II 3.5 10
23 11 2.7 0
57 11 2.3 0
121 II 8.0 0
126 11 6.1 30
154 II 8.0 0
124 Delayed 5.4 20
128 II 8.0 0
131 11 8.0 0
132 II 5.0 100
133 11 4.7 80
137 11 6.0 o'
142 II 4.0 0
2 8 2
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Table 76.  The v i ru lence  o f  non-mot l i e  s t r a 1ns of  Salmonella
Strain Oral LD50 in C57 mice log(lO)
Percentage morta l i ty  
in PVG rats ( l /P )
24 2.4 90
25 2.4 100
49 2.4 30
76 4.3 40
131 8.0 0
142 4.0 0
149 4.4 90
153 3.4 70
2 8 4
Anaerogenicity
The virulence of anaerogenic strains is shown in Table 11»  
These strains were significantly less virulent in mice than aerogenic 
strains (p <0.001), although many remained virulent in rats and 2 
(1 7 ,  37) were within the normal range of virulence of aerogenic 
s tra in s . Six of these strains were obtained from France (132-137) 
and had other characteristics such as possession of Vi antigen and 
slow growth rate which may also have had an influence on th e ir  
virulence.
Biotype
Strains from 6 biochemically distinct groups (Walton, 1972) were 
included in this study and the mean virulence of these groups in C57 
mice is shown in Table 78. Strains of biotype C were significantly  
less virulent than strains of biotype D (p <0.001); however the 
overall differences between the biotypes were not significant.
Growth requirements
The virulence of strains with growth requirements in addition to 
n ico tin ic  acid is shown in Table 79. Although individual strains 
were 'avirulent' the difference between this group and 
non-auxotrophic strains was not significant, particularly when the 
anaerogenic strains described above were removed.
Carbon sources
Fifteen strains of S. dublin were unable to u t i l is e  the fu ll  
range of carbon sources tested. The virulence of these strains is 
shown in Table 80. They were significantly less virulent (mean of 
strains able to u ti l ise  a limited range of carbon sources, 4.2 ± 
2 .1 ;  mean of other s tra in s , 3.1 ± 1.2; p <0.005) than other
2  8 5
Tab]e 77. The vî rulence o f  anaerogenic s t ra in s  o f  Sa 1moneila dublin
Strain Oral LD50 in C57 mice log(lO)
Percentage morta l i ty  
in PVG rats ( l /P )
17 2.7 90
37 3.5 0
76 4.3 40
132 5.0 100
133 4.7 80
134 8.0 50
135 6.9 90
136 8.0 40
137 6.0 0
2 8 6
Table 78. The mean virulence of stra ins of Salmonella dublin 
in C57 mice according to biotype
. Number Mean virulence (oral LD50) Standard
lo ype stra ins in C57 mice log(lO) deviation
A 14 3.2 1.5
C 7 4.7 2.8
D 110 3.0 1.1
E 7 3.2 0.6
F 4 4.1 2.6
G 5 4.0 1.4
2 8 7
Table 79. The v i ru lence  o f  auxotrophic s t ra ins  o f  Salmonel1 a dublin
Growth requirement Strain Oral LD50 in C57 mice log(lO)
Percentage 
m orta l i ty  in PVG rats
( l /P )
N icot in ic  acid and 49 2.4 30
thiamine
67 2.3 70
134 8.0 50
137 6.0 0
Nico t in ic  acid and 108 3.3 90
methionine 112 3.1 100
N i cot in i c acid and 37 3.5 0
tryptophan 76 4.3 40
Nicot in ic  acid and 
adenine
136 8.0 40
Nicot in ic  acid and 
cysteine
6 1.8 90
T ryptophan 132 5.0 100
133 4.7 80
2 8 8
Table 80. The virulence of strains of  Salmonella able to u t i l i s e  
a l imited number of  carbon sources
q . Oral LD50 in C57 mice Percentage morta l i ty
log(lO) in PVG rats ( l /P )
14 1.5 90
37 3.5 0
68 2.6  60
75 2.3  90
76 4.3 40
81 2.4 100
105 3.3 100
108 3.3 90
113 3.1 80
116 2.6 100
133 4.7 80
134 8.0 50
135 6.9 90
136 8.0 40
137 6 . 0  0
2 8 9
strains; however as with the auxotrophic strains this difference 
depended upon the 5 anaerogenic strains and was not significant when 
these la t te r  were removed.
Growth rate
The relationship between virulence in mice and the growth rate 
of s t ra in s  is shown in Fig. 45. Although there was no overall 
correlation, 'v iru lent' strains tended to have a mean doubling time 
less than 30min. The mean doubling time of 'avirulent' strains is 
shown in Table 81. Most of these strains had an extended 
logarithmic phase of growth compared to the ra te  of growth of 
. 'v iru lent' strains.
Possession of plasmids
There was no correlation between the possession of plasmids of 
various sizes and virulence; however the lack of the 
'serotype-specific' plasmid was associated with loss of virulence. 
Table 82 shows the virulence in mice and rats of 3 strains which 
lacked the 'serotype-specific' plasmid. All were 'avirulent' or of 
'reduced virulence' in mice and 2 were of reduced virulence in rats.
Antibiotic resistance
The virulence of antibiotic resistant S. dublin strains isolated 
in Holland could not be analysed since suitable controls were not 
available. However Table 83 shows the virulence of
antib iotic -resis tant and antibiotic-sensitive strains isolated in the 
USA. The antibiotic-resistant strains would appear to be slightly  
less v iru le n t p a r t ic u la r ly  in rats but the d ifferences are not 
significant.
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Table 81. The growth rate of  av i ru len t  stra ins of Salmonella
Mean doubling time (min)
Strain
0-4h 4-8h 0-8h
46 25.4 27.7 26.5
120 26.8 32.5 29.4
121 24,7 34.0 28,6
128 27.8 43.3 34.0
131 31.6 30.1 30.9
134 36.1 43.1 39.3
136 38.3 38.4 32.3
154 28.5 44.8 34.8
156 23.1 39.9 29.3
Mean of  
a l l  strains
32.6 25.5 28.2
2 9 2
Table 82. The virulence of stra ins of  Salmonella lacking 
a 'serotype-spec if ic*  plasmid
q . Oral LD50 in 057 mice Percentage morta l i ty
log(lO) in PVG rats ( l /P )
46 8.0 40
124 5.4 20
156 8.0 100
Table 83. The vi rulence of a n t ib io t i c - r e s is ta n t
21
and sensit ive strains
of  Salmonella dublin isolated in the USA
Stra i n An t ib io t ic  res i stant/sens i t i v e
Oral LD50 in 
C57 mice log(lO)
Percentage morta l i ty  
in PVG rats ( l /P )
122 Res istant 3.0 60
123 II 3.3 50
124 11 5.4 20
127 11 4.7 20
128 II 8.0 0
131 11 8.0 0
125 Sens i t i v e 4.3 90
126 II 6.1 30
129 11 4 .0 80
130 II 3.9 100
2  9 4
Serum sensitivity
The relationship between the serum sensitivity of strains and, 
t h e i r  virulence for mice is shown in Fig. 46. There was no 
c o r r e la t io n  between these 2 c h a ra c te r is t ic s . Many of the less 
virulent strains were also highly serum-sensitive but this was 
related to the association between serum sensitivity and acriflavine  
agglu tination  discussed previously. Table 84 shows the serum 
sensitivity of 'rough' and 'avirulent' strains. Strains which were 
'rough' and serum-sensitive were of reduced virulence in rats, but 
not necessarily in mice. The exceptions were strain 128, which was 
not highly serum-sensitive (2h reduction, 89.5 compared to a mean for 
.a l l  strains of 79.4 ± 13.8) and strain 131 (2h reduction, 77.1), 
which was serum-resistant and yet 'avirulent' in mice and rats.
In contrast, stra ins which were 'a v iru le n t '  in mice and not 
highly serum-sensitive were e ith e r  f u l ly  v iru le n t  or of reduced 
virulence in rats.
Four 'rough' strains (57, 126, 132, 133), which were not serum 
sensitive , are excluded from the Table. Three of these strains 
(126, 132, 133) were of 'reduced virulence' in mice but lethal in 
rats and 1 (57) was avirulent in rats.
Possession of haemagglutinins
The virulence of strains of S. dublin which did not produce MSHA 
is shown in Fig. 47. Although 7 of the 16 MSHA negative strains 
were classified as 'v iru le n t ',  MSHA negative strains as a group were 
significantly less virulent than MSHA positive strains (p <0.001). 
The mean oral LD50 of the former in C57 mice was 4.8 ± 2.0 compared 
to 3.0 ± 1 .1  for the la t te r .
The distribution of strains with MRHAl in relation to virulence 
is  shown in Fig. 48. There was no s ig n if ic a n t d ifference in
2 9
F I g. 46 The re la tio n s h ip  between the serum s e n s it iv ity  
o f SaLmoneLLa s tra in s  and th e ir  v iru len ce  fo r  
C57 mice.
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Table 84.  The serum s e n s i t i v i t y  o f  ' rough'  and ' a v i r u l e n t '  s t ra ins
of  Salmonel1 a
Strain Rough*/smooth
Percentage 
reduction 
in bovine 
serum (2h)
Oral LD50 
in C57 mice 
log(lO)
Percentage 
mortali  ty 
in PVG rats 
( i / p )
1 Rough 100.0 2.9 0
11 11 100,0 2.8 0
12 11 100.0 3.5 0
23 II 100.0 2.7 0
121 II 100,0 8,0 0
124 11 99.7 5.4 2 0
128 II 89.5 8.0 0
131 II 77.1 8 . 0 0
137 II 99.8 6.0 0
142 II 99.8 4.0 0
154 11 100,0 8.0 0
46 Smooth 86.8 8.0 40
120 11 87.4 8.0 50
134 II 93.6 8.0 50
136 II 73.2 8.0 40
156 II 97.8 8 .0 100
*  rough includes strains which agglutinated immediately or slowly 
in 1/1000 neutral  a c r i f la v in e
2 9 7
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virulence between positive and negative strains. However, as can be 
seen from Fig. 49, which shows the distribution of MRHA2, positive 
strains these were significantly more virulent than MRHA2 negative 
s t ra in s  (p <0 .01 ). MRHA2 was only found on stra ins  which also 
possessed MSHA, but there was no significant difference in virulence 
between strains which possessed MSHA alone (mean LD50, 3.1 ± 1.1) and 
those which possessed MSHA and MRHA2 (mean 2.9 ± 1 .2 ) .
Preliminary Discussion
The susceptibility of mice and rats to S. dublin infection
The oral LD50 of S. dublin in 6 mouse strains was studied since 
strains vary in their susceptibility to salmonellosis (Boehme, 1970; 
Robson and Vas, 1972; Plant and Glynn, 1974) by a mechanism which 
may be controlled by possibly only 1 (Plant and Glynn, 1976; Plant 
and Glynn, 1979) or 2 genes (O'Brien, Scher, Campbell, MacDermott and 
Formal, 1979; O'Brien, Rosentreich, Scher, Campbell, MacDermott and
Formal, 1980). The susceptibility or resistance of mice is
determined by their  a b il i ty  to control the early growth of 
salmonellas prio r to the influence of the main c e l lu la r  immune 
response (Hormaeche, 1979a; Hormaeche, 1979b).
The oral route of administration was chosen because this was
considered to be the natural portal of entry, although smaller doses 
may cause infections parenterally (Dutton, 1955) or by the
respiratory (Darlow, Bale and Carter, 1961; Simon and Wilson, 1972) 
or conjunctival routes (Moore, 1957).
Determinations of virulence were made by the LD50 calculation of 
Reed and Muench (1938) even though this method is often critic ised  
since i t  assumes that all animals dying at 1 dose level would also 
have died at a higher level (Dougherty, 1964). Alternative methods
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are often wasteful of animals and have not gained wide acceptance.
Five of the mouse strains were susceptible and pnly C3H/He/C0M 
were considered to be resistant. C57/B1/6/COM mice were selected 
for further study since they were known to be susceptible (Collins, 
1972b), gave reproducible results, were easy to maintain and had been 
used previously by other workers (Collins, 1972a; Collins, 1972b; 
Simon and Wilson, 1972; Plant and Glynn, 1974; Plant, Glynn and 
Wilson, 1978).
Mice were boxed singly in all LD50 determinations since previous 
experiments had shown that deaths continued to occur in mice boxed in 
groups for up to 70d, presumably due to a gradual increase in dose 
level being transmitted by coprophagy and cannibalism (Jones, Collins 
and Brown, 1984). Mice were normally examined for up to 14d since 
deaths were only recorded extremely rarely after this time in
singly-boxed animals.
I t  had been hoped to compare oral in fec tion  of mice with S. 
d u b lin , with oral infection of rats. However the organism was not
and
larger doses were considered impractical and highly a r t i f ic ia l .  
Rats have seldom been used as a model of Salmonella infection, and
when utilised have usually been infected I/V or I/P (Hall, 1973;
H a ll ,  1974; Aitken, Hughes, Jones and Hall, 1978; Hall, Jones, 
Parsons, Chanter and Aitken, 1979; Aitken, Hughes and Jones, 1980; 
Jones, C o ll in s , Brown and A itken, 1982). Oral in fections were 
studied by Ruitenberg, Kaaipelmacher and Noorle Jansen (1971) who 
demonstrated that oral doses of 10  ^ S. dubl in led to infection of the 
alimentary trac t,  l iv e r ,  spleen and blood within 18h of inoculation, 
but, unfortunately, these authors did not record whether the
infections were fa ta l .  More recently Onyekaba (1985) reported the 
production of fatal infections in 42 of 98 rats inoculated orally
lethal in any of 13 strains of 3 week old rats at a dose of 10-0
3 U %
o
with 10 S. OGhiogu but i t  is not certain whether this serotype is 
particularly virulent for rats.
The effect of oral inoculation method on the susceptibility of mice 
to infection with S. dublin
Methods used to infect mice by the oral route vary from 
introduction of bacteria to the ir  drinking water to deposition of the 
inoculum in the stomach by means of a tube, and some techniques also 
involve the use of anaesthetics. I t  was therefore disturbing to 
find that varying the position of a 'pear-drop' needle in the 
oesophagus by as l i t t l e  as 1cm could have a remarkable effect on the 
.course of the subsequent infection.
Mice were far more susceptible to infection when the inoculum 
was deposited at a depth of 1cm from the incisors than when i t  was 
deposited at 2cm, 3cm or into the mouth. The e f fe c t was not 
confined to S. dubl in in C57 mice but was equally true with S. 
typhimurium, or with S. dublin in LacG mice, and was not dependent 
upon the physical intrusion of the needle, since i f  the inoculating 
needle was inserted to a depth of 3cm and then withdrawn to 1.5cm 
before the inoculum was delivered, the effect was the same as simply 
delivering the inoculum at the la t te r  depth.
Variation in response to bacteria delivered by different routes 
is well known and has been discussed previously. This is the f i r s t  
time th at the effect of such a minor variation in technique has been 
d escribed . I t  helps to explain the va ria tio n  in LD50 values 
described by different experimenters and emphasises the need for 
careful standardisation of mouse infection experiments i f  results are 
to be compared. In la te r  experiments, reported here, i t  was 
necessary to mark inoculation needles to ensure that the inoculum was 
delivered at the correct depth. Mice of the same age were used in
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all experiments but the effect of minor differences in their size 
could not be controlled.
This phenomenon has only been investigated in relation to 
Salmonella infections but may have implications for other infectious 
diseases or even toxicological assays.
The reason for the difference was investigated by studying the 
early  stages of infection. At doses of 10^, S. dublin did not even 
become established in the alimentary canal or tissues of mice 
inoculated at 3.0cm at levels which could be counted, and, therefore,
o
doses of 10 were subsequently employed (Ruitenberg, Kampelmacher and 
Noorle Jansen, 1971).
Mechanical injury to the pharynx or oesophagus, or introduction 
of the inoculum into the lungs, either d irectly from the pressure of 
inoculation or by 'choking', did not seem to be involved. 
SaTmonellas were not isolated from the lungs of mice immediately 
following inoculation nor from the blood and spleen within 2h of 
inoculation. Small numbers of S. dublin were occasionally isolated 
from the lungs of animals inoculated with 10  ^ organisms but at levels 
which were insignificant compared to the numbers inoculated.
By examining mice at intervals up to 2h a fter  inoculation i t  
appeared that at a depth of 3.0cm the rate of passage of salmonellas 
down the alimentary t ra c t  was quicker than at 1.5cm. This was 
confirmed by the rate of penetration of Evans blue due. I t  would be 
possib le  to speculate that the slower rate of passage following  
inoculation at 1.5cm leaves larger numbers of organisms in contact 
with the caecal or intestinal mucosa long enough to penetrate. I t  
was shown by examining the total faecal output of S. dublin that the 
organism appeared in higher numbers after Ih in the faeces of mice 
inoculated at 3.0cm, although there was no significant difference in 
to ta l  numbers excreted up to 15h. The d ifferences which were
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measured were small and the maximum recovery rate of only 26 per 
cent. of the inoculum after Imin, although higher than the 1 per 
cent. reported by Ruitenberg, Kampelmacher and Noorle Jansen (1971) 
in rats and Carter and Collins (1974) in mice, means that a large 
proportion of the inoculum cannot be accounted for. Since the whole 
alimentary tra c t ,  excluding the rectum, was examined and organisms 
had not appeared in the spleen or the blood, the discrepancy at the 
e a r l ie r  time periods may be explained by the lethal effect of the 
stomach, and at the la te r  time periods by organisms passing out with 
the faeces.
The hypothesis of small numbers of bacteria being le f t  in the 
.caecum or ileum is more feas ib le  i f  the observation of Collins  
(1972b), that the biologically relevant fraction of the orally  
introduced population may be fewer than 10 viable bacteria - a number 
equivalent to the I/P or I/V lethal dose, is correct.
Effect of culture in laboratory media on the virulence of salmonellas
I t  has long been recognised that strains of bacteria grown in 
the laboratory may be less pathogenic than freshly isolated strains 
(White, 1929b; Wilson and Miles, 1975) and Henning (1953b) reported 
th a t  re c e n tly  isolated stra ins  of S. dublin appeared to be more 
pathogenic for calves than old laboratory strains. For th is reason 
strains of Salmonella used for animal inoculation in this study were 
minimally passaged on laboratory media and stored at -70°C. 
Inevitab ly , however, strains received different numbers of passages, 
were grown on various media and th e ir  fu ll laboratory history was not 
always known.
Experimental reproduction of salmonellosis in adult ca ttle  has 
been possible only when I/V doses in excess of 10  ^ organisms and oral 
doses in excess of 10^  ^ organisms have been used (Hall and Jones,
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1976; Hall and Jones, 1979; Frik, 1969) and oral doses in excess of 
10^, and normally greater than 10^, are required in calves (see 
Sections 4, 5 and 6). Natural infections probably result from the 
ingestion of re lative ly  low doses. Thus dairy cattle  in 3 dairy 
herds were infected from a component of food containing less than 3 
S. mbandaka/g (Jones, Collins, Brown and Aitken 1982). This may be 
explained by variations in susceptibility of individual animals, 
p a rt icu la r ly  in the presence of concurrent infection (Jones, 1984), 
or since bacteria grown in v itro  may be less pathogenic than those 
derived directly from an infected host (reviewed by Smith, 1980b).
No difference in virulence for rats and cattle  was demonstrated 
-by Hall, Jones, Parsons, Chanter and Aitken (1979) who compared S. 
dublin grown in vitro and in foetal tissues of infected animals, but 
this contrasted with the observations of Tanaka, Katsube and Imaizumi 
(1977) who compared S. typhimurium grown in laboratory media with the 
same strain in the faeces of a carrier dog and found the organisms 
from the la t te r  to be more virulent. These la t te r  authors suggested 
th a t  " . . a  factor concerning the virulence . . .  is eas ily  lost by 
culturing with a r t i f ic ia l  media especially with the selective media 
fo r  Salmonella." The experiments described here were, therefore,
designed to determine whether salmonellas contained in cattle  faeces 
are more virulent than in vitro cultures and to assess the effect of 
passage on selective and enrichment media on virulence.
The results reported disagree with those of Tanaka, Katsube and 
Imaizumi (1977). Although infected colon contents containing S.
typhimurium administered orally killed more mice than similar in 
v it ro  grown material, in all other cases the LD50 of in vivo-derived 
organisms was slightly higher than the in vitro equivalent.
The strain of S. dubl in used was derived from an animal which 
had been infected with organisms o r ig in a l ly  grown in laboratory
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media, therefore the S. typhimurium was included as i t  was contained 
in the colon contents of an animal which had died of salmonellosis. 
A similar strain of S. dublin was not readily available. To test 
the hypothesis that virulence is easily lost on subculture in 
selective media S. dubl in was grown on BA, BGSD and in Rappaport 
broth. Virulence was only lost after 20 subcultures on BGSD, a 
medium previously reported as not favouring the growth of S. dublin 
but shown in Section 2 to be better than most selective agars. Such 
an occurrence perhaps indicates that loss of virulence is a chance 
event, such as would be expected i f  virulence determinants were borne 
on a plasmid, which might be lost on subculture, or i f  the organism 
had mutated. The la t t e r  might occur on any medium, although 
mutations might be selectively encouraged on an inhibitory medium i f  
loss of virulence was related to resistance. The strain cultured on 
BGSD (S. dublin(2)) was orig inally lethal to mice by oral 
administration in doses of less than 10^, but after 30 subcultures i t  
was not lethal in doses as high as 10^. i t  was included in this  
study as S. dublin(120) and, as described previously, i t  was almost 
id e n t ic a l  to i ts  parent, apart from not producing a s lim e -w a ll ,  
having a slightly increased generation time, and being slightly more 
s e n s i t iv e  to bovine serum. The parent s tra in  possessed only 1 
plasmid and this was s t i l l  present after subculture.
This resu lt contrasts with a report by O l i tz k i  and Godinger 
(1963) that a strain of S. typhi passaged in mice was more virulent 
than uhe same strain after 20 subcultures on non-selective tryplicase  
agar. However, the results of the experiments reported here suggest 
that the disparity between experimental infectious doses and 
presumably smaller natural doses is unlikely to be due to loss of 
v iru le n c e  of the bacteria  used in challenge doses. S im i la r ly ,  
although subculture may result in reduced virulence, the number of
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cultures involved in the isolation of the strains used in this study 
is unlikely to explain the variations in virulence observed. „
Oral and I/P LD50 of strains in C57 mice
The LD50 values of a large number of stra ins of the same
Salmonella serotype have not previously been reported. The mean 
LD50 for all strains was lower than often reported, although the
results for S. dublin(l )  were similar to those obtained by Smith
(1965) using White Swiss mice, and the LD50 values of the S.
e n te r it id is  strains compare with those obtained by Collins (1972b), 
who also used 057 mice. The low LD50 values are probably a result 
.o f the s e n s it iv i ty  o f 057 mice and the standardised method of
challenge.
Most of the stra ins were le tha l at dose leve ls  below 10^. 
Those with an LD50 value above 10^ were a r b i t r a r i l y  labelled  as 
strains of 'reduced virulence' and those with an LD50 above 10  ^ as 
'a v iru le n t ' .  No attempt was made to administer doses in excess of
o
10 due to problems of to x ic ity , therefore many of the 'avirulent' 
strains were not observed to k i l l  mice at any of the doses used. 
They were a rb itra r i ly  assigned an LD50 value of 10  ^ to allow
statis tica l analyses to be carried out.
There was no difference in the virulence of strains isolated
from adult ca ttle , calves or the environment. This confirmed the
results of Jones (1975) who reported that S. dublin stored in slurry 
fo r  36d was as virulent for mice as the same strain which had not
been stored, and also indicates that strains isolated from abortion
in cattle  are no less virulent than strains causing systemic
salmonellosis or en terit is .
There was similarly no difference in virulence of strains
is o la te d  from c a t t le  in Holland or the UK. However, stra ins
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isolated from humans in the UK were less virulent than those isolated 
from animals in both the UK and Holland, and the American strains, 
which were also isolated from humans, were less virulent than strains 
isolated from humans in the UK. This difference was surprising 
since S. dublin, although only rarely isolated from humans (McCoy, 
1975; Werner, Humphrey and Kamei, 1979) is often the cause of severe 
septicaemic infections (Werner, Humphrey and Kamei, 1979; Fierer, 
1983; T h r e l f a l l ,  Hall and Rowe, 1979) espec ia lly  in e ld er ly  or 
immuno-compromised individuals. The source of human infection in 
the UK and USA is usually unpasteurised milk (Taylor, Bied, Munro and 
Feldman, 1982; Small and Sharp, 1979a) presumably derived from S. 
■dublin infected cows, and there is no evidence that different strains 
infect humans and ca ttle .
The human strains tended to belong to d is t in c t  phage-types, 
although types which also contained strains from ca tt le , and to carry 
a different proportion of haemagglutinins but were otherwise 
indistinguishable from animal isolates. I f  this observed difference 
is  rea l i t  can only be concluded that these stra ins  have been 
modified by human passage or th e ir  virulence has been altered in the 
laboratory. As discussed ea r lie r ,  the la t te r  is unlikely in such a 
large group of isolates and i f  true should also have affected the 
Dutch s tra in s , while the former seems equally u n lik e ly .  The 
American strains may represent a different clone (Fierer and Fleming, 
1983) and strains isolated from cattle  in the USA were not available 
for comparison. This is an observation which requires further study.
Strains obtained from France were less virulent than strains 
from a l l  other sources but this difference may be explained by the 
atypical characteristics of these strains rather than the ir  origin.
'A v iru le n t '  s tra ins and stra ins of 'reduced v iru lence' were 
inoculated I/P in mice to assess whether their deficiency was related
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to an in a b i l i t y  to cross the epithelium of the gut. V iru len t  
stra ins have an I/P LD50 of less than 10 cells and this was also true 
of many of the strains of 'reduced virulence' when injected I/P .  
One strain (20) had the same LD50 orally as I/P , and there was not a 
simple relationship with the oral and I/P LD50 in strains with I/P 
values greater than 10 c e l ls .  I t  d id , th e re fo re , appear that  
several strains had a deficiency possibly associated with 
penetration. Of the 9 to ta l ly  'avirulent' strains, 4 were s t i l l  
t o t a l ly  'avirulent' I/P and 3 had LD50 values of approximately 10  ^ or 
grea ter . Doses of greater than 10  ^ could not be administered due to 
the lethal effects of endotoxin so the LD50 of some strains was set 
-a rb itra r i ly  at greater than lo / .  The I/P LD50 of 2 'avirulent' 
stra ins was significantly reduced but s t i l l  not to the level of fu l ly  
virulent strains. Thus, although inab ility  to penetrate may have 
been involved in lack of virulence, other factors were also 
responsible.
Many of the strains with an I/P  LD50 greater than 10^ were 
in jected  into mice in the presence of f e r r ic  ammonium c i t r a t e .  
Simultaneous injection of iron reduces the lethal dose of S. dublin 
in rats  by more than 90 per cent. (Jones, 1980 - unpublished results) 
but a similar effect with virulent strains in mice cannot be 
demonstrated since the LD50 is less than 10 cells in the absence of 
extra iron . Iron is available in the peritoneum of mice but its  
assimilation by bacteria is restricted since i t  is sequestered by the 
t r a n s f e r r in  of the host. Since iron is essential fo r  growth, 
pathogenic bacteria have evolved iron chelating compounds 
(siderophores) which compete with the iron-binding compounds of the 
host. Injection of large quantities of iron saturates the iron- 
binding capacity of the host, leaving iron available for bacterial 
growth. Under these conditions the virulence of S. typhimurium for
3 1 0
mice is increased (Purifoy, Wilkins and Lankford, 1966; Kochan, 
Wasynczuk and McCabe, 1978). The virulence af siderophore
(enterobactin)-producing strains of S. typhimurium is ,  similarly, 
greater than mutant enterobactin-deficient strains (Yancey, Breeding 
and Lankford, 1979), although Benjamin, Turnbough, Posey and Bril es 
(1985) recently demonstrated that enterobactin-negative strains of S. 
typhimurium are s t i l l  capable of producing mouse typhoid even though 
they will not grow in normal mouse serum.
The injection of excess iron into mice in this study did not 
increase  the number of mice k i l le d  by 'a v iru le n t '  s tra in s , thus 
suggesting that their lack of virulence was not due to a deficiency 
in enterobactin production.
Virulence of Salmonella strains in rats
The virulence of S. dubl in strains in rats was determined by
9
in jec t in g  each strain I/P into 10 rats at an approximate dose of 10 • 
LD50 determinations were not carried out since the LD50 was extremely 
high (6.8 x lo f) and deaths occurred over a narrow range of doses.
Most of the strains that were 'v iru lent' in mice were also fu lly  
viru len t in rats. There was not a good statis tica l correlation 
because of the uneven d is tr ib u t io n  of both sets of data and the 
apparently aberrant results of a few strains. Five strains which 
were 'v iru lent' in mice were avirulent in rats and these were all 
strains which agglutinated in 1/1000 neutral acriflavine or were 
res is tan t to phage P22. These included the live  vaccine strain (S. 
dubl i n ( 1 ) ) and 2 other strains (23 and 57) identified as the vaccine 
stra in  during the course of this study. In this respect rats were 
probably a better guide to virulence in the ca lf than were mice. 
There were also 3 strains (132, 135, 136) which were of 'reduced 
virulence' in mice, but fu lly  virulent in rats. This was not simply
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due to the different route of administration since 2 of these strains 
were s t i l l  of 'reduced virulence' in mice when inoculated I/P .
In contrast to these 8 strains, most of the strains which were 
av iru len t in rats were also 'avirulent' in mice. Differences which 
were observed were unlikely to have been due to the use of the I/P 
route in rats since most of the strains of 'reduced virulence' in 
mice by the oral route were fu lly  virulent when administered I/P and 
some of the strains which were avirulent in rats were 'v iru lent' in 
mice, as discussed above.
The rat appears to be particularly resistant to experimental 
infection with salmonellas and th is is common to several strains and 
not ju s t  PVG rats. I t  is surprising that the lethal dose I/P for 
the rat is approximately the same as the lethal I/V dose for adult 
c a tt le  (see above) and greater than the oral lethal dose for calves.
The basis for this resistance has not been investigated.
Pathogenesis of infection bv Salmonella strains in mice
The pathogenesis of infection of Salmonella en teritid is  in C57 
mice has been described by Collins (1972b). When challenged orally  
with 10  ^ S. enteritid is the challenge infection rapidly passed 
through the gastrointestinal tra c t .  The gut was essentially free of 
viable salmonellas within 48h of inoculation by which time a systemic 
infection was invariably detected. This rapidly developed,
ultimately resulting in the death of most of the challenged mice 
within 12d. Most of the organisms which survived in the 
gastrointestinal tract were detected in the caecum, which provides a 
b e t te r  environment fo r the growth of salmonellas than the ileum 
(Ruitenberg, Guinee, Kruyt and Berkvens, 1971) but the primary site  
of bacterial penetration was the distal ileum (Carter and Collins, 
1974). With time this infection progressed to the draining lymph
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nodes and ultimately the l iver  and spleen. The in i t ia l  growth rate 
in the l i v e r  and spleen determined the outcome of the in fection  
(Collins, 1972b; Hormaeche, 1980).
The fa te  of a S. dublin inoculum within the f i r s t  few days after  
inoculation has been discussed earlier and the observations on the 
stra ins of S. dublin used in this study were essentially similar to 
S. e n te r i t id is .  Eight strains of various degrees of virulence when 
inoculated orally were studied. In all but 2 strains, S. dublin 
could s t i l l  be detected in the gastrointestinal tract between 24 and 
48h after inoculation, and the numbers, particularly in the caecum, 
began to increase after 48h. The spleen and blood were usually 
.infected within 24h and the rate of growth in the spleen was closely 
re la ted  to the pre-determined oral virulence of the strain. The 
exception was strain 97 which had an oral LD50 in excess of 10  ^ and 
yet grew rapidly in the spleen. However, the challenge dose of 10  ^
was greater than the LD50 of this strain and 3 of the 4 mice observed 
up to 14d after inoculation died. A dose closer to the LD50 may
have produced a different result. Two of the strains (46 and 128)
had an oral LD50 in excess of 10^» The I/P LD50 of strain 128 was
p
reduced to 2.7 x 10 . This organism grew slowly in the spleen and 
the blood but was not detected in the caecum or small intestine. 
The I/P  LD50 of strain 46 was only reduced to 4.5 x 10  ^ and yet this  
s tra in  was detected in small numbers in the spleen by 72h after which
i ts  numbers declined. This would tend to indicate that its  lack of
virulence was related to a restriction of growth both in the 
a lim e n ta ry  t ra c t  and in the in ternal organs, rather than to an 
in a b il i ty  to cross the intestinal mucosa.
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Correlation between mouse and rat virulence and characteristics of 
the strains
Experiments to elucidate the role of possible virulence 
determinants usually involve a comparison between strains possessing 
the virulence factor and mutant strains from which the factor is 
absent. This approach has the advantage that the only difference 
between the strains should be the presence or absence of the factor 
under investigation. I t  is ,  however, not always certain that only 1 
mutation has been selected and, since only small numbers of strains 
are investigated, the a b i l i ty  of strains to compensate for 1
deficiency by the increase in importance of other characteristics 
cannot be assessed.
In the approach reported here a large number of strains were 
studied and th e ir  virulence in mice and rats is re lated to the 
expression of many phenotypic characteristics. The inherent,
disadvantage of th is  approach is that many of the stra ins have 
defic ienc ies  in more than 1 ch a ra c te r is t ic  which may re la te  to 
virulence (Smith and Parsell, 1974). Similarly since not all of the 
characteristics of the strains could be studied many of their
deficiencies remain unknown. This criticism is however equally true 
of the traditional approach.
This next section, th ere fo re , contains a discussion of the 
effect of individual characteristics on the virulence of the strains.
I t  is not possible to discuss the relationship between all of the
characteristics of the organisms and their virulence and, therefore,
characteristics previously described as having such an association 
were selected for further study.
The virulence of 'rough' and serum-sensitive strains
I t  has long been accepted that rough strains of Salmonella are 
less virulent than their smooth parents (Arkwright, 1927; Wilson,
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1930). Rough forms of the bacteria that have lost the 0-specific 
side chains of 1ipopolysaccharide are avirulent and semi-rough forms, 
in which the length of these normally polymeric side chains is  
reduced, have reduced virulence in the mouse (Roantree, 1967; 
Valtonen, 1969; Nakano and Saito, 1969; Giannella, Washington, 
Gemski and Formal, 1973; MSkelS, Valtonen and Valtonen, 1973). 
This virulence is determined by the specific composition of 0 
antigens and can be altered by variations in type or quantity of 0 
antigen (Archer and Rowley, 1969; Valtonen, Sarvas and MSkelS, 
1971), such as substituting the specific 0-groups 1, 4, 5 and 12 in 
S. typhimurium (Valtonen, 1970; Valtonen and Mâkelë, 1971; 
Valtonen, Sarvas and M8kel8, 1971; Lyman, Stocker and Roantree, 
1977; Valtonen, 1977) or transducing 06g7 to 06^7 in S.
cholerae-suis (Smith and Parsell, 1974). The mechanism may involve 
the role of 0 antigen in adhesion to, and invasion of, .the ileal 
mucosa (Tannock, Blumershine and Savage, 1975; Matsura, Minoda, 
Matsuda and Matsuda, 1979), or the a b i l i t y  of smooth stra ins to 
res is t the defence mechanisms of the reticulo-endothelial system 
(Smith and Parsell, 1974; Liang-Takasaki, Saxen, MâkelS and Leive, 
1983; Liang-Takasaki, Grossman and Leive, 1983).
None of the strains in this study, as discussed in Section 2, 
were completely rough although several agglutinated in 1/1000 neutral 
a c r i f la v in e  and were res is tan t to phage P22. As a group these 
strains were less virulent for mice, and particularly for rats, than 
the true smooth strains, although 4 acriflavine agglutinable strains 
were of normal virulence for mice. There was a close association 
between serum sensitivity and designation of a strain as 'rough' and 
serum-sensitive strains were generally avirulent. Avirulent strains 
have often been shown to be susceptible to serum k il l in g  (Rowley, 
1954), but there was no overall correlation between this feature and 
loss of virulence.
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I t  was of interest that several smooth strains were also
serum-sensitive and these strains, although avirulent in mice, were
virulent in rats.
The virulence of non-motile strains
Although several non-motile strains were 'avirulent' or of 
'reduced virulence' in mice the virulence of non-motile strains was 
not significantly different from motile strains. The possession of 
f la g e l la ,  either functional or non-functional, has recently been 
reported as a virulence factor for S. typhimurium in C57 mice by 
C a r s io t is ,  Weinstein, Karch, Holder and O'Brien (1984). These 
authors studied isogenic, genetically engineered, mutants of motile
strains and found that the possession of f la g e lla , rather than actual
m otility  or chemotaxis, was involved in virulence. Although 
f la g e l la  were not required for establishment, or invasion of the 
intestinal mucosa, flagellated bacteria grew more rapidly in the 
spleens of infected mice than the ir  isogenic non-flagellated mutants. 
The f lage lla  either protected S. typhimurium from the in tracellu lar  
k i l l in g  mechanisms of murine macrophages or enhanced the a b il i ty  of 
S. typhimurium to multiply within the macrophages (Weinstein, 
Carsiotis, Lissner and O'Brien, 1984).
The strains used in the study reported here were usually both 
non-motile and non-flagellated or only l ig h tly -f lage lla ted . The 
lack of flage lla  may have accounted for the reduction in virulence of 
some strains. Three of the non-motile strains had an LD50 in 057 
mice which was less than the overall mean (strains 24, 25 and 49) and 
these strains were all flagellated.
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The virulence of anaerogenic strains
Failure to produce gas from glucose was shown to be associated 
with lack of mouse virulence by 'Walton and Lewis (1971) and Walton 
(1972). No explanation for this phenomenon was given although i t  
was suggested that the lag phase of growth of anaerogenic strains may 
be extended.
The anaerogenic strains examined in the study reported here were 
s ign if ican tly  less virulent than the aerogenic strains. However 
th is  could mainly be explained by the inclusion of the 6 French 
strains, the numerous peculiarities of which have already been 
discussed. The 3 anaerogenic strains which were recent isolates 
from c a t t l e ,  were e ith e r  f u l l y  v iru le n t  or of s l ig h t ly  'reduced 
virulence' even though 1 of these strains was agglutinable in 
acriflav ine. Similarly, this characteristic was not associated with 
lack of virulence in rats.
The virulence of auxotrophic strains
All of the strains of S. dubl in were nicotinic acid auxotrophs 
and th is  clearly was not associated with the ir  virulence in mice or 
rats. A requirement for additional growth factors was not 
correlated with virulence although many of the strains with 
additional requirements were of below average virulence. I t  is 
possible that the virulence of individual strains, such as S. 
dublin(136), which required adenine, may have been affected but the 
proof of th is  would have required the production of an isogenic 
adenine-positive strain, which was not attempted.
Thymine-requiring strains of S. dubl in have been shown to be 
less virulent for mice and chickens than thy+ revertants (Smith and 
Tucker, 1976) and the virulence of purine-requiring mutants of S. 
typhi was restored when they were injected into mice I/P with an
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exogenous supply of purine (Bacon, Burrows and Yates, 1951; Formal, 
Baron and Spillman, 1954).
Strains of S. dublin which were unable to u t i l is e  mal ate as a 
sole source of carbon were significantly less virulent than 
malate-u tilis ing  strains but, as with anaerogenicity, this was 
probably due to the inclusion of the atypical French strains in this 
group and when the l a t t e r  were removed the d ifference  was not 
significant.
The relationship between growth rate and virulence
Although there was no overall correlation between growth rate 
and virulence i t  was interesting that all of the 'avirulent' strains 
had a slower logarithmic growth rate than the mean value for the 
' v i r u l e n t '  s t ra in s . The in vivo growth ra te ,  even of highly  
pathogenic organisms is much slower than the in vitro  rate (Wilson 
and M iles, 1975) and the conditions vary so much that they may not be 
comparable. However, since the outcome of a Salmonella infection is 
determined by the in i t ia l  net growth rate measured in the spleen of 
the host, the potential for rapid growth must be an advantage.
The association of plasmids with virulence
There was no correlation between the possession of the majority 
of plasmids described in Section 2 and virulence. However, strains 
which lacked a 'serotype-specific' plasmid were 'avirulent' in mice 
although s t i l l  le tha l in ra ts .  The ro le  of th is  plasmid in 
virulence will be discussed in detail in Section 5.
Other plasmids may encode for many characteristics involved in 
bacterial pathogenicity (Elwell and Shipley, 1980) such as serum 
resistance (Binns, Mayden and Levine, 1982), iron sequestration 
(Williams, 1979; G riff ith s , Rogers and Bull en, 1980; Crosa, 1980),
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0-antigen composition (Derylo, Glowacka, Lorkiewicz and Russa, 1975), 
enterotoxin production (Smith and Halls, 1968), adhesin production 
(Franklin, Stiderlind and Môlby, 1981) and the a b il i ty  to penetrate 
ep ith e lia l cells (Watanabe and Nakamura, 1985). Conversely, the 
carriage of plasmids may be involved in a reduction of virulence as 
has been demonstrated for strains carrying R-plasmids (Lacey, 1975), 
a phenomenon which in Pseudomonas aeruginosa is associated with an 
increase in serum sensitivity (Wretlind, Becker and Haas, 1985).
Most of the S. dubl in strains carried only the 
'serotype-specific* plasmid. One strain of S. dublin(124), which 
did not appear to have a 50Mdal plasmid hybridized with a Sall/Xhol 
fragment of the 'serotype-specific' plasmid of S. typhimurium thought 
to be involved in the mouse virulence of several Salmonella serotypes 
(Baird, Manning and Jones, 1985). This strain, which had a 70Mdal 
plasmid, was more virulent in mice, especially following I/P 
inoculation, than the 2 plasmid-free strains.
Although lack of th is  plasmid fragment may render a s tra in  
avirulent for mice its presence does not confer virulence, which is 
obviously m ultifactoria l, since i t  was found in all but 1 of the S. 
dublin strains many of which were 'av iru lent'.
The association of haemagglutinins with virulence
There is no doubt that some haemaggl utins such as that 
associated with the K88 adhesin of E. coli (Jones and Rutter, 1972; 
Jones and R utter, 1974) are important virulence determinants of 
pathogenic bacteria. However, there is s t i l l  considerable
controversy about the role of both mannose-sensitive and 
mannose-resistant haemagglutins of salmonellas (Duguid, Darekar and 
Wheater, 1976; Tanaka and Katsube, 1978; Matsura, Minoda, Matsuda 
and Matsuda, 1979; Jones, Richardson and Ulhman, 1981; Jones and
3 1 9
Richardson, 1981; Tanaka, Katsube, Mutoh and Imaizumi, 1981; 
Tanaka, 1982; Jones, Rabert, Svinarjch and Whitfield, 1982; 
Golderman and Rubinstein, 1982) and the va lid ity  of in vitro models 
of adhesion has been questioned (Freter and Jones, 1983; Tavendale, 
Jardine, Old and Duguid, 1983). Type 1 fimbriae (MSHA) are probably 
important in the oral in fec t iv ity  of salmonellas and in their  
subsequent excretion (Duguid, Darekar and Wheater, 1976), while the 
involvement of MRHAs as both in v it ro  and in vivo adhesins and 
virulence factors has yet to be conclusively established (Jones and 
Richardson, 1981; Tavendale, Jardine, Old and Duguid, 1983).
I t  was, therefore, interesting that 2 of the 3 haemaggl utinins, 
1 of which was associated with fimbriae (MSHA) and 1 not (MRHA2), 
detected on S. dubl in in this study appeared to be correlated with 
virulence for mice infected ora lly . Of the 16 MSHA negative strains 
7 were classified as 'v iru lent' in mice and 4 of the others were 
agglutinable in acriflav ine, which may explain their  lack of
virulence. I t  is thus possible that the association of MSHA with
virulence, although s ta t is t ic a lly  significant, is fortuitous. 
However, MRHA2 was found on approximately 50 per cent, of strains, 
and, although more common on British strains (59.5 per cent.) ,  which 
were more virulent than French and American strains, appears more 
l ik e ly  to be a true association. I f  so, i t  is the f i r s t  time such 
an association has been found by studying a wild-type population.
General discussion
I t  has not been possible to determine the reason for the small 
differences in virulence between the majority of virulent strains, 
although characteristics such as cell wall deficiencies and
possession of haemagglutinins which may be involved have been
e lu c id a te d . I t  is possible to suggest reasons fo r the lack of
3 2 0
virulence of some of the strains. Thus strains 46 and 156 lack a 
' se ro typ e -s p ec if ic ' plasmid. Ten other ' av iru le ,n t' strains or 
strains of 'reduced virulence' are semi-rough . However, with the 
majority of strains there were usually several factors which may have 
been involved and with some s tra in s , such as 120, there was no 
apparent reason.
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Introduction
Experimental S. dublin infections in calves have been described 
previously but the comparative effects of different strains have not 
been investigated. Similarly, the relevance of small animal models 
of infection is often questioned, particularly when results from 
rodents are extrapolated to a ruminant host. Smith (1965) observed 
that a strain of S. dublin (Mellavax strain S51) which was virulent 
for mice was avirulent in calves. In this section strains of S.
dubl in of various degrees of virulence in mice and rats have been 
studied in calves to assess the va lid ity  of these small animal models.
.Materials and Methods
Experimental design
Pairs of calves were infected with 1 of 6 strains of Salmonella
when 7d of age. They were then observed and examined for excretion 
of salmonellas at 12h in terva ls  for 15d, when animals which had 
survived the infection were k illed  and necropsied.
Calves
Friesian bull calves born at IRAD were used. They were allowed 
to suck from their own dam for 48h following parturition after which 
they were isolated from the dam and fed 2ji of normal cows milk  
tw ice/d. From 7d of age they were allowed to eat proprietary ca lf  
weaner nuts (BOCM) ad libitum. Water was available ad libitum. 
Calves were infected when 7d old and kept in pairs in straw-bale pens.
Seventeen calves were infected with S. dublin (2, 3, 14, 46, 76) 
or S. rostock(155). Suspensions for infection were prepared by 
dilution of an 18h BT broth in 20ml of an antacid mixture (sodium 
bicarbonate 5g, magnesium carbonate, l ig h t, 5g, magnesium t r is i l ic a te
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5g, d is t i l le d  water 100ml). Inocula were introduced into the back 
of the mouth from a syringe.
Examination and sampling of calves
Calves were examined as soon after birth as possible, 2d prior 
to infection, immediately before infection, at 12 hourly intervals 
following infection for lOd, then daily until they were killed and 
necropsied after 15d. At each sampling 20ml of blood was removed 
from the jugular vein and samples of faeces were taken. Rectal
temperature was taken immediately prior to infection and at each 
sampling until slaughter.
Isolation of salmonellas
Salmonellas were isolated from faeces by enrichment culture in 
RAPP and SBG as previously described and concentrations in faeces
were determined by spread plate counts on BGSD. Salmonellas were 
iso lated from blood by culture of 10ml of blood in 100ml of nutrient
broth. Nutrient broths were incubated at 37°C for 5d and inoculated
onto BGSD daily.
Serology
Separated serum was stored at -18°C and used in the serum 
agglutination test (SAT) against S. dublin 0 and H antigens. In 
the SAT doubling dilutions of serum in 0.85 per cent, (w/v) saline 
were incubated at 56°C with an equal volume of S. dublin 0 or H 
antigen. The 'H' t i t r e  was read after 4h and the 'O' t i t r e  after  
18h, the end-point being taken as the highest dilution giving 50 per 
cent, agglutination and the t i t r e  expressed as a reciprocal of that 
dilution.
3 2 5
The concentration of immunoglobulin in ca lf serum at challenge 
was estimated by the zinc sulphate turbidity (Zst) test of McEwan, 
Fisher, Selman and Penhale (1970).
Clinical observations
Calves were examined twice daily when the consistency of their  
faeces, the ir  milk consumption and general appearance was noted.
Necropsy
Calves were slaughtered 15d after infection by the injection of 
20ml of Euthatal (May and Baker) intravenously. A post mortem 
.examination was carried out on these calves, on calves which died and 
on calves which were k illed  in extremis, immediately after death. 
Samples of lung, bronchial lymph node, l iv e r ,  hepatic lymph node, 
spleen, blood, small intestine wall, small intestine contents, 
mesenteric lymph node, caecum wall, caecum contents, ileo-caecal 
lymph node, colon wall, colon contents and colon lymph node were 
removed for bacteriological examination. Gross surface
contamination was removed from solid tissues by vigorous washing with 
tap water and the presence of salmonellas in these was determined by 
enrichment culture of Ig of tissue or Ig of alimentary tract contents 
in RAPP and SBG. The concentration of salmonellas in tissues was 
determined by grinding Ig portions in a G riff iths  tube (for lung, 
bronchial lymph node, l iv e r ,  hepatic lymph node, spleen, mesenteric 
lymph node, ileo-caecal lymph node and colon lymph node) or pestle 
and mortar with sand (for small intestine wall, caecum wall and colon 
wall) and plating appropriate dilutions of these and alimentary tract  
contents in 0.85 per cent, (w/v) saline on BGSD. Salmonellas were 
is o la te d  from blood by enrichment cu ltu re , counting on BGSD and 
culture in nutrient broth as described previously.
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Results
Seventeen calves were infected with S. dublin or S. rostock as 
shown in Table 85, which also details the exact doses administered 
and a summary of the effects of the different strains. Two strains, 
2 and 3, were administered at 2 doses. Strain 2 had l i t t l e  effect 
at a dose of 10  ^ organisms but was lethal at a dose of lo f .  In 
contrast strain 3, although leading to a bacteraemia and scouring in
Q
2 of 3 calves infected with 10 organisms, was only fatal at a dose
ID gof 10 ce lls . The other strains used at a dose of either 10 or
10^  ^ cells produced l i t t l e  effect apart from a pyrexia and transient
excretion. The Table also shows the LD50 (oral) of the strains in
C57 mice; the effects in mice and calves are in general agreement,
although strain 2 is obviously far more, and strain 14 far less,
virulent in calves than in mice.
Experiments described la ter in Section 6 demonstrate that the 
amount of colostrum absorbed by calves is important in determining 
the outcome of an in fe c t io n . However, reference to Table 86 
indicates that this was not so important in the infections reported 
here. The majority of calves had Zst levels of 15 or greater at 
in fec tio n  and many of the calves that were most severely affected had 
quite acceptable turbidity levels. Poor absorption may, however, 
have been a factor determining the difference in reaction of the 2 
calves which received strain 14.
A more detailed analysis of the effects of the d ifferent strains 
can be gained by observation of Figures 50 to 63, which show the 
temperature response of calves following infection, and excretion of 
salmonellas in faeces. The excretion of S. rostock(155), which was 
only iso la ted  from each c a lf  fo r Id following in fe c t io n ,  and S. 
dubl i n( 14), which did not grow well on BGSD, is not shown. The 
e ffec t of S. dublin(2) is shown in Figures 50 to 53. Infection with
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Table 86.  Immunoglobulin leve ls  In c a l f  serum at in fe c t io n  
as measured in the zinc sulphate t u r b i d i t y  te s t
C a l f  number In fe c t in g  s t r a in  Units o fand dose t u r b i d i t y
1 2 10  ^ 2 7 .0
2 10® 24.0
3 10^ 15.0
4 10  ^ 18.0
5 3 10^ 11.5
6 10^ 14.0
7 10^ 7.5
8 10^° 28.0
9 10^° 15.0
10 14 10^ 7 .5
11 10  ^ 30 .0
12 46 10^ 24,0
13 10  ^ 18 .0
14 76 10^° 8.5
15 10^0 9 .5
16 155 10^ 24.5
17 10  ^ 10.0
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Fig. 51 Excretion by calves
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Fig, 53 Excretion by calves Infected with 10^
Salmonells dub Lin (2).
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Fig. 55 Excretion by calves Infected with 10'
SaLmoneLLa dublin  (3).
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Fîg. 57 Excretion by calves Infected with 10
SaLmonelLa dublin  (3).
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Fîg. 60 Excret ion by calves Infected with 10
SaLmonQLLs dub Lin (46),
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Fig. 62 Excretion by calves Infected with 10
SaLmoneLLs dubLfn (76).
10
E = Iso la ted  by 
enrIchment
c a lf
c a lf
M-
O) 10 ::
icr%
ICTy
146 10 124 82
Days
3 4
in
in
in
Ü0
g
Q)I
“o
X.p
c
o
po0
o
p
00> _>
0u
0
IQ
C L00
L
0
h
p
0L0
Q_
E0
SD
d)
uZ
M-M-
Oin in in o ino in o o o
r o
CM
0\
. .  CO
-• *o
.. in
r o
- •  CM
0X0Q
CM o<r r o
(_ )0
r o
OO
r o SR r o Nro
3 4 4
Q
1 0 ° ce lls  resulted in a pyrexia in both calves which was slightly  
higher in ca lf 1 than calf 2 and this ca lf also excreted greater 
numbers of salmonellas in faeces. This la t te r  ca lf was excreting in 
excess of 10  ^ organisms/g of faeces within 12h of infection. Both 
calves had ceased to excrete within 8 d and both were free  of 
in fe c t io n  at necropsy. In fection  with 1 0  ^ c e l ls  resulted in a 
higher temperature response in calves 3 and 4 and both calves 
excreted beween 10  ^ and 10  ^ S. dublin/g of faeces until they were 
k i l l e d  in extremis a f te r  11 and 7d resp ective ly . All tissues  
removed from these animals at necropsy were infected, as shown in 
Table 87. Highest levels of infection were found in the alimentary 
.tract and particularly in the caecum and colon.
The e f fe c t  of S. dublin(S) is shown in Figures 54 to 57. Three 
calves received 1 0  ^ cells and 2 of these had a temperature in excess 
of 41°C within 3d. This was accompanied by transient excretion in 
c a lf  5, while in ca lf 6 higher numbers of organisms in the faeces 
were accompanied by scouring and S. dublin was isolated from its  
blood. This la t te r  animal was s t i l l  infected at necropsy. The 
organism was isolated from l iv e r ,  hepatic lymph node, lung, bronchial 
lymph node, mesenteric lymph node, caecum lymph node and colon lymph 
node. Calf 5 was not infected at necropsy. The reaction of the 
th ird  ca lf  in this group, ca lf 7, was different from the other 2. 
Its  temperature only reached 40°C 7d after infection and this was 
accompanied by a resurgence of excretion in faeces, slight scour and 
iso lation of S. dublin by blood culture. This animal continued to 
excrete until 3d prior to necropsy, when the organism was isolated 
from lung, l iv e r ,  mesenteric lymph node and caecum lymph node.
The 2 calves infected with S. dublin(3) both suffered an
immediate pyrexia, excreted in excess of 1 0  ^ organisms/g of faeces, 
became anorexic, bacteraemic and scoured. One died after 7d and the
345
Table 87.  Concentrat ion o f  Salmonella dublin in the t issues  
o f  calves which died or were k i 11 ed in extremis
S tra in  and 
^'"''■"--^ose
Tissue
Lung
Bronchial lymph node
L iv e r
Hepatic lymph node
Spleen
Blood
Smal1 i n t e s t i ne wall  
Small i n t e s t in e  contents 
Mesenteric lymph node
10Caecum wal 1
Caecum contents
Caecum lymph node
Colon w a l1 
Colon contents
Colon lymph node
E = So dubl in  iso la ted  by blood c u l tu re  and/or  
enrichment c u l tu re  only
*  = count/g
Values are mean counts from 2 calves
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other was killed in extremis after 8 d. The number of salmonellas 
isolated from their tissues at necropsy is shown in Table 87. As 
with strain 2 the main site of infection was the alimentary tract 
where the organism was equally distributed between the small 
i n t e s t in e ,  caecum and colon, although in contrast to the calves 
infected with strain 2 the internal organs and particularly the l iv e r  
were also highly infected.
The 2 calves infected with strain 14 behaved differently  (Fig. 
58). C alf 10 had a temperature in excess of 40°C within 3d which 
was maintained for a further 8 d. Although this animal did not scour 
i t  became anorexic and S. dublin was isolated from its  blood on 20 of 
22 occasions from Id until 12d after infection. Salmonellas were 
isoTated  from i ts  faeces by enrichment cu ltu re  fo r lOd. At 
necropsy, lung, bronchial lymph node, l iv e r ,  hepatic lymph node, 
spleen, small intestine wall, mesenteric lymph node, caecum lymph 
node and colon lymph node were infected. In contrast, ca lf 11 did 
not have a pyrexia, excreted the organism on only 1 occasion and was 
not positive at necropsy. Infection with strain 46 resulted in only 
a mild pyrexia in both calves (Fig. 59) and, although both excreted 
in excess of 10  ^ S. dublin/g of faeces on the day after infection 
(F ig . 6 0 ),  this rapidly declined and S. dublin was not isolated from 
the tissues of either ca lf at necropsy.
g
Strain 76 was administered to 2 calves at a dose of 6.1 x 10 
ce lls  and this resulted in a temperature in excess of 41 °C in both 
(F ig . 61 ).  Although the temperature of both animals remained above 
40°C until approximately 9d after infection neither scoured although 
c a l f  15 (Fig. 62) excreted countable numbers of S. dublin for 9d and 
remained positive  by enrichment culture for a fu rth e r  3d and S. 
dublin was isolated from lung, bronchial lymph node and colon node of 
calf 14 and colon wall of ca lf 15.
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The only effect of infection with S. rostock was a pyrexia (Fig. 
63) and, although the temperature of 1 calf rose above 41°C, neither 
animal excreted the organism for more than Id and salmonellas were 
not isolated from either at necropsy.
Table 8 8  shows the production of 'O' and 'H' antibodies by the 
in fected calves. There was no significant increase in 'O' antibody 
t i t r e  although the majority of the calves responded to H antigen. 
There was no correlation between severity of infection or continual 
carriage of the organism and 'H' antibody t i t r e .
Preliminary discussion
The purpose of this section was to determine the va lid ity  of 
small animal models of virulence for an organism that normally causes 
disease in bovines. Unfortunately, the economics and practicalities  
of using calves rather than mice or rats d ictated that only a 
restricted number of strains could be used.
The most virulent strain in calves was S. dublin(2) which was 
le tha l at a dose of 10^, compared with S. dublin(3) which was lethal 
at 10^0 and S. dublin(14) which only produced severe effects in 1. of 
2 animals at 10^. In th is  respect th is  was the reverse of the 
results  obtained with mice, where S. dublin(14) was the most and S. 
dubl i n (2) the least virulent of these 3 strains. All 3 were highly 
virulent in rats while S. dublin(46), S. dublin(76) and S. rostock 
(155) were of reduced virulence, and in this respect the rat was 
perhaps a better model of virulence than the mouse. S. dublin(14) 
was less virulent in calves than would have been expected although, 
when compared to S. dublin(3) at the same dose, i t  could be suggested 
that had a higher dose been used the result may have been similar to 
S. dublin(3) inoculated at 10^^.
3  4  a
îb le 88. Serum antibody t i t r e s  to 0 and H anti  gens
Stra in C a l fnumber
Approximate
dose
Reciprocal  of  
Maximum t i t r e
IQI «H'
Tissues  
in fected  a t  
necropsy (n=15)
2 1 108
,0»
0 40 0
2 0 5 0
3 10^ 0 160 15
4 10^ 0 320 15
3 5 10^ 0 80 0
6 10^ 0 5 7
7 10^ 5 40 4
8 i o ' ° 0 0 i5
9 i o ’ ° 0 5 15
14 10 10^ 0 320 9
11 10^ 5 5 0
46 12 i o ' ° 5 0 3
13 i o ’ ° 0 0 1
76 14 , o ' 0 0 160 0
15 i o ' ° 20 160 0
155 16 1o9 0 80 0
17 10^ 0 160 0
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The plasmid-free strain, S. dublin(46), was the least virulent 
s t r a in  in calves, producing only a mild r is e  in temperature and 
transient excretion.
The effects of S. dublin in experimentally infected calves have
been described previously by Henning (1953), Smith and Jones (1967),
Nazer and Osborne (1977) and Forbes, Oakley and Mackenzie (1977)
although these authors did not attempt to d ifferentiate  between the
effects of different strains. I t  is not clear what dose Henning
(1953b) used by the oral route but Smith and Jones (1967)
administered 10^0 cells in antacid to Friesian calves at 3 weeks of
age and in Ayrshire and Jersey calves at 3 to 6 weeks, and produced
-death in 6/10 of the former and 16/16 of the la t te r .  Nazer and
Osborne (1977) found doses from 10® to 10  ^ to be fatal in Ayrshire,
Guernsey and Friesian calves between 3 to 4+ weeks of age, while
9Forbes, Oakley and Mackenzie (1977) found a dose of 6 x 10 
administered in an antacid to be fatal in 2/3 Friesian x Hereford 
calves. Without the antacid only 1/5 calves died. Unfortunately, 
these la t te r  authors did not state the age at which the calves were 
inoculated.
In the experiments described in this section 7d old Friesian 
calves, which are more resistant than Guernseys and Ayrshires (Smith 
and Jones, 1967) were used and the doses required to cause disease 
were comparable. The strain used by Forbes, Oakley and Mackenzie 
(1977 ) was e ither  less v iru le n t  than S. dubli n(2 ) or Friesian x 
Hereford calves are more resistant than pure-bred Friesians. The 
la t te r  may be true since in an outbreak of S. dublin infection in a 
dairy  unit i t  was noticed that the mortality was much greater in the 
la t te r  than in the former (Jones and Hall; unpublished observations, 
1980).
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The signs of infection described previously were observed in the 
present study. Calves became dull and l is t le s s  within 2d of 
inoculation. Their temperatures usually rose to greater than 41°C 
and they became anorexic, bacteraemic and scoured. Animals which 
died usually did so as their temperature was declining. Calves 
which survived did not excrete for more than l id ,  which is 
considerably shorter than the 19-30d described by Osborne and Nazer 
(1977) but were usually s t i l l  infected when necropsied 15d after  
inoculation. At necropsy highest numbers of S. dublin were found in 
the alimentary tract (Smith and Jones, 1967) although all organs 
sampled were infected.
I t  was interesting that the number of organisms found in the 
t is s u e s  o f calves which were infected with S. d u b lin (2) and S. 
dublin(3) were comparable to those found in mice infected with the 
same strains and their distribution was similar.
a  D JL
SECTION 5
3 5 2
SECTION 5. The contribution of 'serotype-specific' plasmids to the 
virulence of salmonellas in mice, rats and calves
Page no
Introduction 353
Materials and methods 353
Experimental design 353
Bacteria 354
Virulence of strains in mice, rats and calves 354
Results 355
Virulence of strains in mice and rats 355
Virulence of strains in calves 355
Preliminary discussion 368
3 5 3
Introduction
'Serotype-specific' plasmids have been shown to be necessary for 
the virulence of serotypes of Salmonella including S. dublin, S. 
t.yphimurium and S. enteritid is  (Jones, Rabert, Svinarich and 
W hitfield , 19%2; Terakado, Sekizaki, Hashimoto and Naitoh, 1983; 
Helmuth, 1984; Manning, Baird and Jones, 1984; Helmuth, Stephan, 
Burge, Hoog, Steinbeck and Bulling, 1985; Baird, Manning and Jones, 
1985). Naturally occurring plasmid-free strains, cured-strains and 
strains mutated by transposon insertion have all been shown to be 
avirulent in mice. A limited number of naturally occurring 
plasmid-free strains were, however, found to be virulent in rats 
(Jones, 1986; Section 3 of this thesis). Manning (1985) 
demonstrated that a transposon insertion mutant of S. dublin and a 
cured stra in  were avirulent for mice and rats and the former produced 
less severe clinical signs in calves than its  wild-type parent.
The aim of this section was to c la rify  the relationship between 
the possession of a 'serotype-specific' plasmid and virulence for 
rats and calves. For comparative purposes strains of S. typhimurium 
and S. enteritid is  as well as S. dublin were used.
Materials and methods
Experimental design
The virulence of naturally occurring, plasmid-free strains of S. 
dublin , S. enteritid is and S. typhimurium and a cured strain of S. 
dublin and its  wild-type parent was determined by comparing oral 
infections of these strains in mice and I/P infections in mice and 
rats.
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The plasmid-free S. dublin strain, the cured S. dublin strain 
and a plasmid-free and plasmid-containing strain of S. typhimurium 
were also inoculated orally into 7d old calves. The results of 
infection of 2 calves/strain were compared with the results obtained 
with the wild-type S. dublin(3) described in detail in Section 4.
Bacteri a
Strains of S. dublin, 157 and 158, S. typhimurium, RHl and RH2, 
and S. en te r it id is , RH3 and RH4, were obtained from Dr. R. Helmuth, 
Institute für VeterinSrmedizin des Bundesgesundheitsamtes, Berlin. 
The cured strain of S. dublin, M173/2 was derived from S. dublin(3) 
.by Dr. E .J . Manning, IRAD (Manning, 1985). All stra ins were 
preserved by freezing at -70°C and inocula for administration to 
mice, rats and calves were produced as described previously (Sections 
3 and 4).
The presence of plasmids within strains and the occurrence of a 
plasmid DNA fragment associated with mouse virulence and described by 
Baird, Manning and Jones (1985) was determined as described in 
Section 3.
Virulence of strains in mice, rats and calves
The oral LD50 of strains in C57 mice was determined by 
inoculation of at least 3 groups of 16, 6 to 8 week old male mice and 
the I /P  LD50 by inoculation of s im ilar groups of 16 mice. The 
virulence of strains in PV6 rats was determined by I/P inoculation of 
2 groups of 10 rats with doses of approximately 10  ^ or 10  ^
respectively for each strain.
Groups of 2 ca lv e s /s tra in  were inoculated at 7d of age with 
approximately 10^° S. dub1in(158), 10^° S. dubl1n(H173/2). 10^° S.
Q
typhimurium(RH2) or 10 S. typhimurium(RHl) respectively. Calves
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were examined for up to 15d, when surviving animals were necropsied 
as described in Section 4.
Results
Virulence of strains in mice and rats
The virulence of the 4 strains of S. dublin, 2 strains of S. 
typhimurium and 2 strains of S. enteritid is in mice and rats is shown 
in Table 89. The plasmid-free strains were all avirulent in mice 
when administered orally . When administered I/P they all caused 
mortality in mice but the LD50 values were considerably higher than 
the strains which contained plasmids. The difference in rats was 
not as obvious. All of the plasmid-free strains were lethal in rats 
at an I/P  dose of approximately 10^ although the cured s tra in  
(M173/2) killed less than its  parent strain. At the reduced dose of
o
10 I/P a clear distinction could be observed, although 2 of the 
plasmid-free strains were s t i l l  lethal to small numbers of rats.
Virulence of strains in calves
The effect of the strains in calves is summarised in Table 90 
and a more detailed analysis of the temperature response of animals 
following infection, and excretion of salmonellas in faeces can be 
gained from observation of Figures 64 to 71.
The e ffe c t  of the cured S. dublin s tra in  (M173/2) was less 
severe than its  parent, S. dubl in (3 ), which is also shown in Table 90 
for comparison and was described in detail in Section 4. Calf A 
suffered only a slight pyrexia (Fig. 64) and salmonellas were 
isolated from its  faeces by enrichment (Fig. 65), although S. dublin 
was iso la ted  from i ts  ileo-caecal lymph node at necropsy. In 
c ont r a s t ,  ca l f  B had a marked pyrexia (Fig.  64) ,  scoured and S. 
dublin was isolated from its  blood. The scouring was associated
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Table 8 9 . The v iru lence  o f  plasmid-conta in ing and p la sm id - f re e  s t ra ins  
of  S. dubl in .  S. t V D h f m u r i u m  and S. e n t e r i t i d i s  in 
mice and rats
S t ra in
Plasm id /v i ru lence  LD50 m C57 mice Percentage  
sequence present m o r t a l . ty m rats
ora l  1/P 10 *  lOr*
S. dubl in  157 + 3 .2 <1.0 70 90
S. dubl in  158 - >8.0 5 .2 20 80
S. dubl in  3 + 2 .2 <1.0 80 100
S. dubl in  M173/2 - >8.0 5 .8 0 50
S. typhimurium RHl + 3 .5 <1.0 70 100
S. typhimurium RH2 - >8.0 5 .0 20 90
S. e n t e r i t i d i s  RH3 + 3.0 <1.0 80 90
S. e n t e r i t i d i s  RH4 - >8.0 6.3 0 100
approximate inoculated dose
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Fîg, 65 Excretion by calves Infected with 10
SaLmoneLLa dub Lin (Ml 73 /2 ) .
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with the excretion of greater than 10  ^ salmonellas/g of faeces (Fig. 
65) and at necropsy the organism was recovered by enrichment from 
lung, small intestine (contents, wall and node), caecum (contents, 
wall and node) and colon (contents, wall and node).
Both of the calves (C and D) which received S. d u b l in (158) 
scoured and had re c ta l temperatures g rea ter  than 40°C 2d a f te r  
inoculation (Fig. 66). The temperature of c a lf  C remained at th is  
leve l fo r  a further 3d although the number of salmonellas excreted in 
i ts  faeces had declined to approximately 10^/g (Fig. 67) within 3d. 
Excretion continued until i t  was necropsied 15d a fte r  inoculation and 
S. dublin  was isolated by enrichment from a ll  of the sites examined. 
^Calf C scoured almost continuously for 13d and was s t i l l  excreting
o
g rea ter  than 10 salmonell as/g in i ts  faeces when necropsied. The 
concentration of salmonellas in i ts  tissues and alimentary trac t  
contents at necropsy is shown in Table 91. Greatest concentrations 
were found in the contents and walls of the caecum and colon. The 
associated lymph nodes were less heavily infected although S. dublin 
was is o la te d  from these, and a ll other tissues except the spleen, by 
enrichment.
The plasmid-containing strain of S. typhimurium was inoculated 
in to  calves E and F at a dose of 9.1 x 10^ c e l ls .  This resulted in 
pyrexia in both animals (F ig . 68) which was maintained in c a lf  E for  
6d. However, although c a l f  F scoured s l ig h t l y ,  n e ith er  animal 
excreted large numbers of salmonellas in th e ir  faeces; c a lf  F was 
free of infection at necropsy and S. typhimurium was only isolated  
from the bronchial lymph node and ileo-caecal lymph node of c a lf  E. 
This comparative lack of response to in fection with S. 
typhimurium(RHl) was surprising since both of the calves inoculated 
had apparently absorbed in su ffic ien t amounts of colostrum (Table 90).
o o ï
Table 91.  Concentration o f  salmonellas in calves at  necropsy
C a l f
S. typhimurium (RH2) 
k i l l e d  Ôd p . i .
10' S. dubl in  (Ml73/2)  
a t  necropsyTissue
X 10Lung
Bronchial  lymph node
L iver
Hepatic lymph node
Spleen
Smal1 in t e s t in e  w a l1 
Small i n t e s t in e  contents  
Mesenteric lymph node
Caecum w a l 1
Caecum contents
I leo-caeca l  lymph node
Colon wall  
Colon contents  
Colon lymph node
*  = count/g
p . i .  = post in fe c t io n
E = salmonellas iso la ted  by enrichment
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In contrast, both calves inoculated with 6.1 x 10  ^ S.
typhimurium(RH2) scoured heavily and ca lf  H had to be slaughtered 
when, a fte r  scouring for 7d, i t  was too weak to stand. This animal 
suffered an almost immediate pyrexia (Fig. 70), began to scour within
~j
24h of inoculation and excreted greater than 10 salmonellas/g of 
faeces (F ig . 71) until i t  was slaughtered 8d a fte r  inoculation. At 
necropsy S. typhimurium was recovered from a ll sites examined, as 
shown in  Table 91. C a lf  G was not as severely  a f fe c te d .  I t s  
temperature only reached 40°C on 1 occasion (Fig. 70) and, although 
i t  scoured heavily, only small numbers of salmonellas were 
recoverable from i ts  faeces within 9d of inoculation (Fig. 71). I t  
-was, however, s t i l l  infected at necropsy when S. typhimurium was 
isolated by enrichment from lung, bronchial lymph node, small 
in te s t in e  contents, caecum contents, ileo-caecal lymph node, colon 
contents and colon w all.
Cultures of the plasmid-free strains prepared from the faeces 
and tissues of animals s t i l l  infected at necropsy were examined and 
found to have remained plasmid-free.
Preliminary discussion
Studies using mice have shown previously that 
naturally-occurring plasmid-free strains of S. dublin, S. 
typhimurium, S. e n te r it id is  and S. cholerae-suis are avirulent in 
mice (Helmuth, 1984; Nakamura, Sato, Ohya, Suzuki and Ikeda, 1984; 
Helmuth, Stephan, Bunge, Hoog, Steinbeck and Bulling, 1985). 
Sim ilarly , strains cured of the 'serotype-specific' plasmid are 
av iru len t but regain virulence i f  the plasmid , is  restored (Jones, 
Rabert, Svinarich and W hitfie ld , 1982; Terakado, Sekizaki, Hashimoto 
and Naitoh, 1983; Chikami, Fierer and Guiney, 1985) and strains  
modified by the introduction of transposons to th is  plasmid may be
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s im ila r ly  avirulent (Baird and Manning, 1984; Manning, Baird and 
Jones, 1984; Manning, 1985).
The re s u lts  reported here, and in Section 3, confirm these  
observations. However, the 3 serotypes used here were s t i l l  lethal 
in  ra ts  I /P  and th is  was not simply re la te d  to the method of 
administration. S im ilarly , the plasmid-free strains of S. dublin 
and S. typhimurium, in contrast to the plasmid-free S. dublin(46) 
described in the previous section, were s t i l l  capable of producing 
severe effects in calves. Although the 2 strains of S. dublin were 
obviously less v iru len t than S. dublin(3) they were considerably more 
v iru le n t  than some of the S. dublin strains described previously. 
S im ila r ly ,  S. typhimurium(RH2), although used at a higher dose was 
considerably more v iru lent than S. typhimurium(RHl). This may not, 
however, be a f a i r  comparison since the l a t t e r ,  although f u l l y  
v iru le n t  in mice and ra ts , is obviously less v iru len t in calves than 
other S. typhimurium strains (see Section 6 ).
One c a lf  from each pair infected with the plasmid-free strains  
excreted unusually high le v e ls  of salmonellas and these animals 
scoured. The organism was obviously able to penetrate the 
in tes tin a l or caecal mucosa but systemic infections did not resu lt .  
In view of these f ind ings  the suggestion of Terakado, S e k iza k i,  
Hashimoto and Naitoh (1983) and Nakamura, Sato, Ohya, Suzuki, Ikeda 
and Koeda (1985) that cured strains may be suitable as l iv e  vaccines 
is premature.
The mechanism responsible for the avirulence of plasmid-free 
strains for mice has not been determined. I t  may involve loss of 
adherence and penetrative properties (Jones, Rabert, Svinarich and 
W h itf ie ld , 1982) similar to those associated with large Shigel1 a 
plasmids (Watanabe and Nakamura, 1985) or the production of outer 
membrane proteins (Helmuth, 1984) as reported to be
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plasmid-associated virulence determinants in Yersinia (Portnoy, 
Wolf-Watz, Bôlin, Breeder and Falkow, 1984; Wolf-Watz, Portnoy, 
BOlin and Falkow, 1985). Helmuth (1984) reported that plasmid-free 
stra ins  were serum-sensitive and non-invasive; however, strains 
described in Section 2 and a cured strain of S. dublin (Terakado,
Sekizaki, Hashimoto and Naitoh, 1983) were serum-resistant and
Manning (1985) and Chikami, Fierer and Guiney (1985) described 
transposon insertion mutants and cured strains that were invasive but . 
not able to establish a progressive systemic in fection . The la t te r  
view is  supported by the data presented here. Plasmid-free strains  
administered to  mice I /P  were able to cause le th a l  in fe c t io n s ,  
although at considerably higher doses than plasmid-containing
stra ins , and plasmid-free strains were invasive in the c a lf  although 
th is  did not result in a generalised systemic in fection . Systemic 
in fections  were produced in rats but this may be explained by the 
very high in fective  doses which were used to overcome the natural
r e s is ta n c e  of th is  species, which was discussed above. I t  is  
possible that the mechanism may be d iffe rent with naturally-occurring  
plasmid-free strains, cured strains and transposon insertion mutants. 
The l a t t e r  s tra in s  used by Manning (1985) were less v i r u le n t  in  
calves than the plasmid-free strains described here and the cured 
s tra in  (S. dublin, M173/2) used in this section reacted d i f fe re n t ly  
to the plasmid-free strains in ra ts . Perhaps naturally-occurring  
plasmid-free strains express other properties to compensate for th e ir  
plasmid deficiency.
Baird, Manning and Jones (1985) demonstrated the existence of a 
region of homology in the plasmid DNA of S. dublin and S. typhimurium 
with a maximal extent of between 13 and 23 kilobase pairs. Since 
th is  region was associated with the virulence-conferring properties 
of the plasmid the id en tif ica t io n  of i ts  gene products may be the 
solution to the problem.
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Jones, Rabert, Svinarich and Whitfield (1982) isolated  
plasmid-containing S. typhimurium from mice inoculated with a 
plasmid-free strain and postulated that the ' serotype-specific' 
plasmid may occur autonomously or be integrated in the chromosome. 
There was no evidence in th is  study that the residual virulence of 
plasm id-free  strains was due to the integration of the plasmid in the 
chromosome or i ts  subsequent excision.
373
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Introduction
The peak of infection with salmonellosis in calves occurs at 3 
to 4 weeks of age (Report, 1984a) and in a contaminated environment 
calves are usually infected within 72h of b irth  (Jones, Collins, 
Brown and Aitken, 1983). The need to confer protection to calves 
soon a f t e r  b irth  and the success of a previous experiment to transfer  
protection passively to rats via immune serum (Jones, Collins and 
Parsons, 1983; unpublished data) led to experiments to attempt to 
pro tec t calves pass ive ly  w ith the colostrum of vaccinated dams. 
Henning (1953c) had suggested that th is  may be possible but attempts 
by Rankin and Taylor (1970) were not successful.
A vaccine prepared from k il le d  S. typhimurium ce lls  was used 
since th is  is now the most prevalent serotype, and the a b i l i ty  of 
colostrum from cows vaccinated with th is  preparation  to  pro tec t  
against a S. dublin challenge was investigated.
Materials and Methods
Experimental design
Friesian cows were vaccinated approximately 7 weeks and 2 weeks 
p re -partu rit ion  with a formalinised preparation of S. typhimurium I/D  
or subcutaneously (S/C) in adjuvant. Calves born of these cows were 
allowed to suck th e ir  own dam for 2d and were then fed refrigerated  
colostrum for a further 8d. They were challenged on the f i f t h  day 
following parturit ion  with S. typhimurium or S. dublin. Calves 
produced by non-vaccinated cows were fed in an identical manner and 
used as controls.
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Bacteria
S. dub1in(2) and S. typhimurium(4/74; phage type ,44) were used. 
The la t te r  described as stra in  2337/65, had previously been used by 
Rankin and Taylor (1966), Rankin, Newman and Taylor (1966), Rankin, 
Taylor and Newman (1967), Rankin and Taylor (1970) and Wray and Sojka 
(1 978 ). I t  was reconstituted from a freeze-dried ampoule and kept 
as a frozen suspension in 0.85 per cent, (w/v) saline as described 
previously.
Vaccine
The vaccine was prepared by the inoculation of S. typhimurium 
-(4/74) into a BT broth which was incubated at 37°C for 18h. 
Aliquots of 1ml of BT culture were used to seed 10ml volumes of BT in 
100ml bottles  and these were incubated on the platform of a shaking 
incubator at 37°C for 3h. The ce lls  were harvested by
centrifugation at 2500xg for 30min, washed twice in PBS, counted on 
BA and BGSD (as above), k i l le d  by exposure to 0.5 per cent, (v /v )  
fo r m a l in  fo r  24h at room temperature and resuspended to  a f in a l  
concentration of approximately 2.0 x 10^0 ce lls /m l. A fresh batch 
of vaccine was prepared for each occasion i t  was used. Cattle were 
vaccinated with this preparation by I/D in jection of 0.8ml at 3 sites  
in the neck (0 .2 ,  0.2 and 0 .3m l/s ite  respectively) or S/C injection  
of 0.8ml mixed with 0.8ml of Freund's incomplete adjuvant, containing 
1 per cent, (v /v) Tween 80, at 1 s ite  over the scapula.
Milking of cows
Cows were milked twice da ily  following parturit ion  and the f i r s t  
ZZi  of colostrum/milk were collected and kept at 4°C for subsequent 
feeding to calves.
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Feeding of calves
Calves were encouraged to suck from the ir , dam for 48h 
p o st-p artu r it io n  and were then removed from the dam and fed 2 i  of 
stored colostrum twice/d from a bucket for a further 7d. On the 
t e n th  day a f te r  b i r th  they were given a m ixture 1:1 of stored 
colostrum and bulked non-immune milk and subsequently received bulked 
m ilk u n ti l  slaughtered 28d a fte r  challenge. From the seventh day 
a f te r  b i r th  calves were allowed access to c a l f  weaner nuts ad 
1ibitum. Water was available ad libitum from b ir th .
Challenge of calves
Calves were challenged with approximately 1.0 x 10^ or 1.0 x 10^ 
S. typhi murium or 1.0 x 10  ^ S. dublin on the morning of the f i f t h  day 
a f te r  b ir th ,  immediately prior to feeding. The inoculum v/as an 
appropriate d ilu tion  of an 18h 37°C BT culture suspended in.20ml 
antacid mixture and delivered o ra lly  as previously described.
Clinical observation of calves
Calves were examined twice daily  for 2d prior to challenge and 
14d following challenge and rectal temperature, signs of scour and 
the amount of milk not consumed was recorded. From the f i f tee n th
day a fte r  challenge temperatures were taken once/d in the morning.
Sampling of calves
Samples of faeces were removed from calves at b i r th ,  at 3 and 5d 
a f te r  b irth  and then daily for 14d, then twice weekly until the end 
of the experiment. The presence and concentration of salmonellas 
was determined as described previously. Blood samples were taken at 
each of these periods and at 12h and 24h following b ir th .  
Salmonellas were isolated from blood by culture in nutrient broth (as
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above) and 'O' and 'H' antibody t i t r e s  to S. typhimurium or S. dublin 
determined by the serum agglutination test described above. The 
concentration of immunoglobulin absorbed by calves was determined by 
the Zst te s t .
Sampling of cows
Cows were bled p r io r  to t h e i r  f i r s t  v a cc in a tio n , at weekly 
in te rv a ls  until parturition and immediately following partu rit io n .  
Antibody t i t r e s  to 0 and H antigens were determined. Colostrum 
was sampled at parturition  and da ily  for 7d following parturition  and 
the whey agglutination t i t r e  determined. Whey was removed from 
colostrum and milk by coagulation with rennin followed by 
c e n tr ifu g a t io n  and f i l t r a t i o n  according to  the method of Jones, 
C o l l in s ,  Brown and Aitken (1983). Samples of faeces were taken for  
8 weeks prior to parturit ion  and, at calving, faeces and vaginal 
mucus were removed and examined for the presence of salmonellas.
Termination of experiment
Calves were slaughtered 28d a fte r  challenge by intravenous 
i n j e c t i o n  of 20ml of E u th a ta l . A post mortem examination was 
carried out, when gross pathological changes were recorded and 
samples of synovial f l u i d ,  bone marrow, prescapular lymph node, 
s a liv a ry  gland, mandibular lymph node, to n s i l ,  retropharyngeal lymph 
node, internal i l ia c  lymph node, bladder, urine, kidney, adrenal, 
spleen, l iv e r ,  hepatic lymph node, b i le ,  gall bladder, lung, 
bronchial lymph node, heart muscle, abomasum (contents, wall and 
node), omasum (contents, wall and node), rumen (contents, wall and 
node), small in testine (contents, wall and mesenteric lymph node), 
caecum (contents, wall and node), colon (contents, wall and node) and 
rectum (contents, wall and node) were removed and examined for the 
presence of salmonellas by enrichment in SBG and RAPP as described 
above.
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Calves showing advanced signs of salmonellosis from which i t  was 
judged they would not have recovered v e^re k i l le d  by in jection of 
Euthatal. Samples of lung, bronchial lymph node, l i v e r ,  hepatic 
lymph node, spleen, small in testine w all, small in testine contents, 
mesenteric lymph node, caecum w all, caecum contents, ileo-caecal
lymph node, colon w a ll ,  colon contents and colon lymph node were 
removed at necropsy immediately following slaughter and the 
concentration of salmonellas in samples determined as previously
described.
Results
Response of cows to vaccination
Seven cows were vaccinated S/C and 4 I /D . Their response to  
v a c c in a t io n  is  shown in  Table 92. None of these animals had
significant 'O' or 'H' t i t r e s  prior to vaccination and a ll developed 
t i t r e s  in response to vaccination. Maximum levels were, with 2
e x c e p t io n s , developed to  the f i r s t  vaccination and there  was no 
evidence of a secondary response. At parturition  the t i t r e s  in many 
animals had actually declined from th e ir  maximum le v e l.  With the 
exception of cow 26, 'H' t i t r e s  were e ither equal to or higher than
'O' t i t r e s .
Levels of anti-H antibodies in whey were considerably higher 
than in blood. The mean concentration in to the whey was
approximately 8 - fo ld . This did not occur with the an ti-0  antibody, 
the mean of which in whey (1/96) was only s lig h t ly  higher than in 
blood (1 /84 ).
There did not appear to  be any c o r re la t io n  between antibody  
response and the length of time between the second vaccination and 
partu rit io n .
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Table 92.  Response o f  cows to vacc inat ion  wi th  fo rmal in ised  
Salmonella typhimurium
. Days betweenVaccinat ion , . ,Cow , second vacc ination  in blood
p a r t u r i t i o n
Reciprocal  o f  antibody t i t r e  
Maximum level  Level a t  p a r t u r i t i o n
Blood Whey
'O' 'H' 'O' •H' ^0(
21 I/D 8 40 160 40 160 20 320
22 S/C 13 80 320 40 320 160 10240
26 I/D 15 1280 320 160 80 160 160
27 S/C 13 80 320 40 40 80 320
28 I/D 13 80 320 80 320 20 640
29 S/C 16 160 80 20 40 160 640
30 I/D 24 160 160 40 160 80 640
31 S/C 10 160 160 20 40 160 1280
32 S/C 19 160 1280 80 1280 160 10240
33 S/C 13 320 640 320 640 40 1280
34 S/C 17 160 160 80 80 20 320
I /D  = intradermal vaccinat ion  
S/C = subcutaneous vaccinat ion
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Seven cows were used as unvaccinated controls and, as can be 
observed in Table 93, none of these animals had antibody t i t re s  in 
excess of 1/20.
The extent to which the antibody in the colostrum of vaccinated 
cows was transferred to th e ir  calves is shown in Table 94. There 
was c le a r ly  a relationship between the antibody t i t r e  of whey and the 
'O ' and ' H' t i t r e s  of c a l f  serum 12h a f te r  b i r th  but the most 
important factor was the amount of colostrum absorbed by the calves 
as in d ic a te d  by the Zst le v e l at 12h. The t u r b id i t y  leve l was 
measured 12, 24, 48, 72 and 120h a fte r  b irth  and maximum values were 
usually  observed a fte r  12h. All calves were e ither observed to suck 
from the dam or were aided in th e ir  efforts  to suck, so the reason 
fo r  the la rg e  discrepancy in Zst values is not c lear. As the Zst 
value declined over the f i r s t  5d a fte r  b irth  the 'O' and 'H' antibody 
levels in serum usually declined accordingly. 'H' antibody t i t r e s  
were higher than 'O' t i t r e s .
Response of calves to challenge with 10^ S. typhimurium
Three control calves and 2 calves from vaccinated dams were 
inoculated with 10  ^ S. typhimurium. The e ffect of th is  dose is 
shown in Table 95. Both of the calves from the vaccinated cows 
s u rv iv e d .  C a lf  22 had absorbed colostrum to  a Zst le v e l at 
challenge of 34 and had an 'H' t i t r e  of 1/1280. This animal was 
a p p a re n t ly  unaffected by cha llen ge . I t s  temperature rose to  a 
maximum of 39.5°C and i t  excreted salmonellas fo r  only 3d. In  
contrast c a lf  21, which had a Zst level of 15 at challenge suffered a 
higher temperature r is e , excreted small numbers of salmonellas for  
14d and at necropsy S. typhimurium was recovered from a sample of i ts  
bone marrow.
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Table  93» Antibody t i t r e s  to 0 and H antigens in the 
blood and colostrum o f  unvaccinated cows
Reciprocal  o f  antibody t i t r e  a t  p a r t u r i t i o n  
Blood WheyCow
•O'
18 10
19 0
20 10
23 20
24 5
25 0
35 20
36 20
H' 'O' •H*
0 20 0
0 0 0
5 5 0
0 0 0
0 0 0
0 0 0
20 (10) 0 (0) 0 (0)
0 (0) 0 (0) 0 (0)
Figures in brackets are to S. dubl in  antigens.  
Other f igures  to S. typhimurium antigens.
Table  94.  Antibody leve ls  in calves p r io r  to in fe c t io n
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Cow/ 
ca 1 f  
number
Reciprocal  o f  antibody t i t r e  
Cow whey C a l f  blood (12h) C a l f  blood (5d) C a l f  Zst  (12h) 
•O' *H‘ 'O' 'H' 'O' 'H'
21 20 320 5 80 0 80 20
22 160 10240 80 2560 40 1280 34
26 160 160 20 40 0 20 12
27 80 320 40 160 40 80 30
28 20 640 20 80 10 80 12
29 160 640 20 80 5 40 7.5
30 80 640 0 0 0 5 3
31 160 1280 20 160 10 80 24
32 160 10240 10 10 0 20 2
33 40 1280 40 160 40 320 19
34 20 320 160 160 40 80 28
Zst = z inc  sulphate t u r b i d i t y  value o f  c a l f  serum
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Table  95.  The e f f e c t  o f  10 Salmonella typhimurium on calves
Cal f 18 19 20 21 22
Sex M F M M F
Dam C C C I/D S/C
Zst 12 5 35 7 20 34
Zst 5 7 32 10 15 34
05 0 0 0 0 40
H5 0 0 0 80 1280
Dose 8 .7x lo5 8.8x10^ 9.6x10^ 1.0x10* 9 .7x10*
Result K S S S S
Max T 41.0 39.9 40 .7 40.2 39.5
Mean T 40.1 39.3 40.0 39.2 38.6
Days 10^+ NA 12 22 11 3
Max E 9.2x10^ 2.2x10^ 1.5x10^ 2 .3 x10* 2 .7x10*
Days En+ NA 15 25 14 3
Anorexia + + + - -
Scour score 1 6 30 0 0
Bacteraemia + + + - -
Tissues p o s i t iv e  a t  necropsy a l l 1 18 1 0
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Key to Tables 95,  97 and 98
Zst 12 Zinc sulphate t u r b i d i t y  o f  c a l f  serum 12h a f t e r  b i r t h  .
Zs t  5 Zinc sulphate t u r b i d i t y  o f  c a l f  serum a t  chal lenge,
05 Somatic (0) serum a g g lu t in a t io n  t i t r e  5d a f t e r  b i r t h .
H5 F l a g e l l a r  (H) serum a g g lu t in a t io n  t i t r e  5d a f t e r  b i r t h .
Max T Maximum temperature a f t e r  chal lenge.
Mean T  Mean temperature,  morning and af ternoon f o r  lOd a f t e r
chal lenge.
Max E Maximum number o f  salmonellas excreted/g  o f  faeces.
2 2 Days 10 + Number o f  days a f t e r  chal lenge on which g re a te r  than 10
salmonellas/g were excreted in faeces.
Days En+ Number o f  days a f t e r  chal lenge on which salmonellas were
iso la ted  from faeces by enrichment c u l tu r e .
Scour score Number o f  days o f  scouring X s e v e r i ty  o f  scour on a 
sca le  1 to 3.
C Control -  c a l f  from unvaccinated cow.
I /D Ca l f  from cow vaccinated in t ra d erm a l ly .
S/C C a l f  from cow vaccinated subcutaneously.
M Bull c a l f .
F H e i fe r  c a l f .
S Survived.
K K i l l e d  In ext remis .
A l l  Salmonellas iso la ted  from a l l  t issues examined (1 4 ) .
NA Ca l f  k i l l e d  In ext remis; c a lc u la t io n  not a p p l ic a b le .
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The 3 control calves a ll scoured, became anorexic and had S. 
typhimuriurn Isolated from th e ir  blood. The severity of infection  
was re la te d  to th e ir  Zst level at challenge. Calf 19 which had a 
Zst le v e l of 32 was the least affected, excreting only small numbers 
of salmonellas for 15d a fte r  in fection, although S. typhimurium was 
recovered from i ts  caecum contents at necropsy. Calf 20 suffered an 
extended pyrexia and period of scouring during which i t  excreted up 
to  1 . 5  X 10^ salmonellas/g of faeces and its  tissues and alimentary 
contents were extensively infected at necropsy. Calf 18 was k i l le d  
in extremis 6d a fte r  inoculation and i ts  tissues were heavily 
infected at necropsy as shown in Table 96.
The excretion of S. typhimurium in the faeces of calves is shown 
in F ig . 72, from which the c a lf  which was k il le d  in extremis has been 
excluded. Although no s ta t is t ic a l  significance can be calculated 
since there  were only 2 surviving calves in each group, the number of 
salmonellas excreted by calves from vaccinated dams was fa r  less than 
from control calves and continued for a shorter period of time.
Thus, although only 5 calves were used at th is  dose, a clear 
d is t in c tio n  was observed in the response of calves from vaccinated 
and unvaccinated dams although th is  response was also obviously  
related to the amount of colostrum which they had absorbed.
Response of calves to challenge with 10^ S. typhimurium
Seven calves from vaccinated dams and 3 control calves were
o
challenged with 10 S. typhimurium. The result of this challenge is 
shown in  Table 97. Two of the 3 control calves were k i l l e d  in
extremis 4d and 9d a fte r  in fection. As can be seen from Table 97
the tissues and alimentary contents of these animals were heavily 
infected and both had suffered pyrexia, anorexia and scouring prior  
to slaughter and had excreted greater than 10  ^ S. typhimurium/g of
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t h e i r  faeces. The 5d Zst values of these animals (24, 25) were 
considerably higher than the animal which was slaughtered following a 
dose of 10^ S. typhimurium. The th ird  control animal (23) had a Zst
o
le v e l at challenge of 31 and th is  c a lf  survived 10 S. typhimurium, 
although i ts  temperature rose to 40.5°C and i t  scoured, excreting up 
to 9.8 X 10^ salmonellas/g in i ts  faeces.
All of the calves from vaccinated dams survived even though 5 
( 2 6 ,  2 8 ,  29, 30, 32) had Zst values of 12 or less at cha llenge.  
Only 1 of these animals (26) became anorexic and scoured although 2 
others (3 0 , 32) excreted the organism for more than 3 weeks, and both 
of these la t t e r  were s t i l l  infected at necropsy. S. typhimurium was 
-recovered from the retropharyngeal lymph node of c a lf  30 and from the 
omasum, rumen, caecum, colon and rectum contents of c a lf  32. The 
other 2 calves (27 and 31), which had Zst levels of 25 or greater, 
showed l i t t l e  sign of infection apart from a transient pyrexia.
The excretion of S. typhimurium in the faeces of calves infected  
with 10^ organisms is shown in Fig. 73. The geometric mean of the 7 
calves from vaccinated dams was considerably lower than the excretion 
of the 1 surv iv ing control a lthough, obviously , the s t a t i s t i c a l  
s ig n i f ic a n c e  of th is  d if fe re n c e  could not be in v e s t ig a te d . An 
increase in excretion from 5d a fte r  challenge can be seen (see also 
Fig . 72) but i t  could not be determined whether th is  was associated 
with the cessation of colostrum feeding at th is  time.
A protective e ffect of colostrum from vaccinated dams was
c learly  demonstrated in calves infected with 10^ S. typhimurium and,
unlike at a dose of 10^, th is  could not be explained purely by the
amount of colostrum which was absorbed.
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Response of calves to challenge with 10  ^ s. dublin
Two calves from vaccinated dams and 2 control calves were 
infected with 10  ^ s. dublin. Both of the former and 1 of the la t te r
survived while 1 of the la t te r  died, as shown in Table 98. The
control ca lf which survived (35) had a high Zst level and showed
l i t t l e  sign of infection except for a transient pyrexia. I t  only 
excreted S. dublin at low levels for 8 d after challenge.^ Calf 36 
was k i l l e d  in extremis 8 d a f te r  challenge following a period of 
pyrexia and bacteraemia and its  tissues were heavily infected at 
necropsy (Table 96). Although this animal had not produced liquid  
faeces, blood and intestinal linings had been apparent in its  faeces 
for several days prior to death and the distribution of salmonellas 
in the carcass was similar to that in the calves which were dying of 
S. typhimurium infection.
The 2 calves from vaccinated dams responded to challenge with a 
high temperature, which was higher than those produced in response to 
S. typhimurium infection in animals which survived. One became
anorexic for 2 d before recovering and salmonellas were isolated from 
the blood of the other on 3 occasions over a period of 5d. Although 
suffering a bacteraemia this animal was apparently normal and 
excreted the organism in its  faeces for only 4d. The duration of 
faecal excretion following inoculation with S. dublin was 
considerably shorter than with S. typhimurium in animals which 
survived and none of the surviving animals was s t i l l  harbouring the 
organism at necropsy.
Antibody response in infected calves
Infection did not lead to an increase in 'O' or 'H' antibody 
t i t r e s  in control or experimental calves inoculated with S. 
typhimurium. I t  was not possible to calculate even geometric means
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Table 98,  The e f f e c t  o f  10^ Salmonel1 a dublin on calves
Cal f 33 34 35 36
Sex F M M M
Dam S/C S/C C C
Zst 12 19 28 39 24
Zst 5 23 27 31 24
05 40 40 5 20
H5 320 80 0 10
Dose loOxlO^ 2.7x10^ 1.1x10^ 1.1x10
Result S S S K
Max T 41,0 41.1 40 .4 40 .9
Mean T 40,1 39.5 39.2 39.4
Days 10^+ 3 2 2 NA
Max E 3o6xlO^ 1,2x10^ 1.0x10^ 1.0x10
Days En+ 5 4 8 NA
Anorexia + - - +
Scour score 0 0 0 0
Bacteraemia - + +
Tissues p o s i t i v e  a t  necropsy 0 0 0 a l l
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because of the d isp a rity  of the t i t r e s  between animals p r io r  to 
in fe c t io n  but Fig. 74 shows the .'H' t i t r e  response of 3  calves 
infected with 10  ^ S. typhimurium and 2. calves infected with 10  ^ S. 
typhimuri um. Although the 'O' and 'H' t i t re s  did not increase after  
challenge they declined only slightly in most animals.
An increase in 'H' but not 'O' t i t re s  was observed in animals 
infected with S. dublin. This occurred within 4d of infection in 
controls but was delayed until 1 0 - 1 2 d in calves from vaccinated dams.
Preliminary discussion
Calves may become infected with S. dublin in utero or in the 
. f i r s t  few days after birth (F ield , 1948; Gibson, 1961) and, although 
the peak incidence of disease may not occur until 4 weeks la te r ,  
(Report, 1984a) the excretion of large numbers of organisms in the 
faeces of infected animals may lead to the widespread dissemination 
of the organism (Jones, Collins, Brown and Aitken 1983). Active 
immunisation of the ca lf so soon after birth is neither possible nor 
feasible therefore, i t  was decided to attempt to protect calves by 
vaccination of the dam. S. typhimurium was used as the vaccine 
since this organism is obviously at present of greater importance 
than S. dublin, especially on calf-rearing establishments, and any 
vaccine against S. dublin would, for commercial reasons, have to be 
e f fe c t iv e  against S. typhimurium. I t  was hoped that such a vaccine 
would s t i l l  have applications within dairy units and in areas where 
S. dublin was s t i l l  endemic, and have the added advantage of 
conferring immunity to dairy cows.
No attempt was made to determine the most suitable vaccine or 
vaccination regime. A vaccine preparation which had proved useful 
in la b o ra to ry  animals was chosen and the time at which i t  was 
administered was derived empirically such that the experiment was
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designed entirely to determine the possibility of conferring passive 
protection to the ca lf.
Immunity to salmonellosis probably depends on both humoral and 
c e llu la r  responses (Collins, 1971) and although the humoral response 
is  not t o t a l l y  protective i t  does play an important role in the 
suppression of infection during its  early stages (Hochadel and 
K e l le r ,  1977). There are numerous c o n fl ic t in g  reports on the 
passive protection of laboratory mice with immune serum (Smith, 1965; 
Blanden, Mackaness and Collins, 1966; Collins, 1969a; Collins, 
1969b; Jonas and Pul ford, 1970) although Morris, Wray and Sojka 
(1976) suppressed the functions of T-and B-lymphocytes in mice and 
-concluded that humoral immunity was much more important than cellular  
immunity even though the la t te r  may also be required for complete
protection.
Saxen and MMkel# (1982) and Saxen, MBkelM and Svenson (1984) 
reported on the antibody isotypes important in protection against 
mouse salmonellosis and Jones, Collins and Parsons (1984;
unpublished results) demonstrated that Ig62 was responsible for the 
protective effect of transferred serum in I/P challenged rats.
Previous attempts at passive protection in calves have met with 
similar conflicting results. Henning (1953c) thought that calves 
allowed to suck from vaccinated dams and challenged 8 d after b irth ,  
and calves fed immune serum, were protected. This protection was 
not confirmed by Rankin and Taylor (1970) or Smith, Habasha, 
Reina-Guerra and Hardy (1980). In these experiments calves were
allowed to suck from the dam fo r 2 or 3d a f te r  b ir th  and then 
rece ived non-immune m ilk . In the experiment reported in th is  
section calves were allowed to suck from the dam for 2 d and were then 
fed stored colostrum from their own dam for a further 8 d. This
regime appears to have been successful.
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Calves were in i t ia l ly  challenged with 10  ^ S. typhimurium since 
previous experiments by Rankin and Taylor (1966), Wray and Sojka 
(1978) and Aitken and Jones (1985) had shown the LD50 of this strain 
to  be approximately 10^. One of the control calves had to be 
slaughtered, 1 was severely i l l  and 1 , which had absorbed a good 
quantity of colostrum, survived after scouring moderately. The 2 
calves from vaccinated dams also survived. However, there appeared 
to be a good correlation between the amount of colostrum absorbed and 
the degree of protection regardless of vaccination. This was not 
tru e  when the dose was increased to 10^* There was a c lear  
d is t in c t io n  between the calves from the vaccinated dams and the 
controls, although 1 control, which had a high Zst level, survived. 
High serum immunoglobulin levels are known to be protective against 
salmonellosis and th is  protection is thought to be non-specific  
(Fisher, Martinez, Trainin and Heiron, 1976). However, calves from 
vaccinated dams survived even when they had absorbed l i t t l e  colostrum 
and in the absence of s ig n if ic a n t  'O' or ' H' t i t r e s .  I t  was 
concluded that calves which had absorbed suffic ient colostrum were 
resistant to even high challenge doses of S. typhimurium, while the 
effect of immune colostrum was to extend this protection even to 
animals which had absorbed normally insufficient colostral levels.
The mechanisms which may be involved in protection by specific 
antibody were not investigated. They may include bacteriostatic or 
bacteriocidal effects, aggregation or opsonisation of ce lls , or 
neutralisation of enterotoxins or adhesins and such mechanisms merit 
further study.
All of the calves in this experiment were observed to suck from 
th e ir  dam and yet many did not absorb sufficient colostrum. This 
contrasts with the observation of Edwards, Broom and Col l is  (1982) 
th a t  calves observed to suck within 6 h of b ir th  always absorbed
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su ffic ien t immunoglobulin. These authors rejected earlier reports 
th at the high incidence of hypogammagl obul inaemia was due to. a 
deficiency in absorptive capability of some calves. I t  is possible 
that the result obtained here in only a few calves was
uncharacteristic and possibly due to insufficient ingestion, even 
though suckling was observed. Alternatively, since there may be a 
factor influencing passive transfer of colostral immunoglobulins 
which may be genetic, associated with stress, season or some other as 
yet unrecognised condition (Gay, 1984), some of the calves may have 
had a deficiency in absorption. These animals would obviously be in 
danger of contracting salmonellosis in the absence of vaccination. 
^It was interesting that the calves which had the lowest Zst levels,
and the control calves, were usually those which s t i l l  had
salmonellas in their tissues at necropsy. These animals also tended
to excrete S. typhimurium in higher numbers, and for longer, than 
animals with higher Zst levels.
Royal, Robinson and Duganzich (1968) demonstrated a reduction in 
excretion by passively protected calves given a sub-lethal dose of S. 
typhimurium and the same e ffe c t  was observed in the experiments 
described here. I t  also appeared that excretion was limited while 
calves were drinking colostrum rather than milk although the controls 
were not available to allow this to be substantiated.
Although only 2 controls and 2 calves from vaccinated dams were 
used i t  appeared that vaccination with S. typhimurium was protective 
against S. dublin. One control ca lf with a high Zst level survived 
the challenge dose of 10^* This was probably an anomaly since this  
dose had been found to be lethal previously (see Section 4 ) .  The 
disease caused by S. dublin was different than that caused by S. 
typhimuri um. As previously observed by Wray and Sojka (1977, 1978), 
the S. dublin infected animals developed a more rapid and higher 
temperature response, were often bacteraemic and did not scour.
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These experiments are only at a preliminary stage. Protection 
by this method certainly appears possible although i t  was not clear 
whether this was due to colostral absorption or continued feeding of 
colostrum during the challenge period or both. The la t te r  may be 
the more l ik e ly .  Collins (1971) considered the problem with passive 
protection conferred with serum to be the re la tive ly  short t l / 2  of 
the immunoglobulins. In th is  experiment they were continually  
replaced. However this could be achieved in practice either by the 
method used here or by, fo r  example, adding high t i t r e  serum or 
monoclonal antibody to milk or milk powder. This might lead to 
suppression of the growth of a natural challenge dose long enough to 
-allow the ca lf 's  cellular response to be mobilised. Similarly, the 
vaccine and vaccination regime could probably be improved. Although 
good 'O' and 'H' t i t re s  were obtained in most cows and although there 
was good concentration of antibody, particularly anti-H, into the 
colostrum, as previously observed by Henning (1953c), the lack of a 
secondary response was disappointing. I t  is interesting that, at 
the time of w r it in g , the only cow to calve fo r a second time 
following vaccination (cow 19) had a considerably higher 'H' t i t r e  at 
the subsequent p a rtu r it io n  even though i t  had not received any 
further vaccination. Agglutinating antibodies are probably not 
involved in protection (Smith, 1965; Hinton, 1971a; Aitken, Jones, 
H a ll ,  Hughes and Brown, 1981; Aitken, Jones and Brown, 1982) but 
they may reflect a response to vaccination as yet to be determined. 
Hopefully this response can be improved.
None of the calves in this experiment demonstrated an 'O' or 'H' 
agglutinin response following challenge. This was surprising since
calves are able to mount an 'H' response in the f i r s t  week after  
birth  (Roberts, Worden and Rees Evans, 1954) although 'O' antibodies 
are not usually produced within the f i r s t  4 weeks (Smith and Ingram,
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1965). The calves inoculated with S. dublin and described in the 
previous section usually produced an ‘H‘ but not an 'O' response 
within 14d.
I t  has been suggested that the presence of maternal antibody may 
interfere with the response to active vaccination (Henning, 1953c; 
Yablonskaya, 1965, c ited by Wray and Sojka, 1977; Ingram and 
Malcomson, 1970) and this would certainly be a disadvantage i f  a 
vaccine to protect 4 week old calves was developed. The lack of 
response reported here occurred equally in control calves and calves 
from vaccinated dams but th is  is a problem which merits fu rth er  
a tte n t io n . Similarly, the effect of maternal antibody on the 'new 
generation' of live  vaccine strains which are being developed 
requires investigation.
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DISCUSSION
Salmonellosis is s t i l l  an important and possibly increasing  
cause of disease in ca ttle , although S. dublin has been replaced by 
S. typhimurium as the principal serotype involved. The survey of 
causes of ca lf enteritis  reported here demonstrated that salmonellas 
in general were common not only in calf-rearing premises but also on 
dairy farms, and S. dublin was s t i l l  implicated in disease even in 
areas where the organism is not normally considered to be endemic.
The reasons for the increase in S. dublin in the 1960s and its  
subsequent decline in the 1970s have never been established 
.sa t is fa c to r ily . I f  i t  were due to an association with Fasciola 
hepatica the decline may be temporary. I t  would be unwise to give 
up research on S. dublin, even though S. typhimurium must at present 
be considered of greater importance.
The biochemical characterisation of the strains demonstrated the 
unique features of S. dublin and its  homogeneity as a serotype. I t  
could be c le a r ly  distinguished from S. e n t e r i t id is ,  although S.
rostock and S. naestved resembled S. dublin so closely that their  
recognition as distinct types can only be ju s tif ied  for the purposes 
of epidemiology.
The tracing of strains in epidemiological studies is d i f f ic u l t  
in the absence of a recognised phage-typing scheme, particularly  
since the most useful biotyping scheme (Walton, 1972) groups the 
majority of strains in 1 biotype. The differentiation and 
recognition of f ie ld  isolates does not present any d if f ic u lty  i f  
immediate results are not required. Many of the biochemical tests 
reported here were included purely for the purposes of recognition, 
although i t  was hoped that others might be of use in a biotyping 
scheme. While i t  was not possible to improve on the scheme of
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Walton (1972) by the inclusion of easily performed, rapid tests, the 
phage-typing scheme presented here may have advantages and has in 
fact already been used successfully (Jones, 1985; unpublished 
re s u lts ) ,  although the incorporation of additional phages would lead 
to its  improvement.
I t  is unfortunate that plasmid 'fingerprinting' cannot be used
fo r  the id e n t i f ic a t io n  of B r it is h  iso lates o f  S. d u b lin , since
plasmid analysis by rapid methods is now as convenient as the use of 
biochemical tests  or serology. However, since the m ajority of 
strains contained only the 'serotype-specific' plasmid this  
characteristic can clearly not be used for d ifferentiation. 
Plasmids, or DNA probes of plasmid fragments, may conceivably 
supplement or even replace serology as a means of serotype 
id en tif ica tio n , since plasmid-free strains appear to be rare,
e s p e c ia l ly  in the UK. The American stra ins could have been 
differentiated by piasmid-analysis since these contained several 
plasmids which may have been associated with antibiotic resistance. 
Should multiple drug resistance become a feature of British strains 
the method may s t i l l  have an application.
The reason for the differences in antibiotic sensitivity  
between British, Dutch and American strains is not clear. I t  has 
been suggested that resistance has developed under the selective
pressure of low levels of a n t ib io t ic s  in animal feeds or th e ir  
widespread therapeutic use. The pressure has, however, probably 
been no less in the UK than elsewhere. S. dublin may not be as 
r e c ip ie n t  to plasmids as S. typhimurium which would explain the 
difference between British isolates of these serotypes, but this does 
not explain the difference between British strains of S. dublin and 
those isolated in continental Europe. Similarly, i t  is unclear why 
European strains have antibiotic resistance encoded by chromosomal
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rather than plasmid genes. I t  is , perhaps, only a matter of time 
before resistance becomes a feature of British strains.
Three rapid identification kits were investigated and although 
the Micro-ID system occasionally failed to identify unusual strains 
correctly, th is , and the Microbact system, are an improvement over 
traditional methods. The third system, API50, suffered from the 
lack of an identification manual. I t  was hoped that i t  might have
proved useful for biotyping but most of the strains produced 
virtua lly  identical reactions.
The biochemical homogeneity of S. dublin was reflected in a lack 
of variation in the virulence of strains for mice. The majority of 
^strains had an oral LD50 less than 10  ^ and only a small minority were 
of 'reduced v iru lence' or 'a v i r u le n t ' .  This could have been 
p red ic te d  since most were iso lated  from diseased animals. The 
variation found was not enough to explain the diversity of clinical 
signs and range of severity  observed in outbreaks of S. dublin  
infection amongst calves. Similarly, strains isolated from cases of 
abortion were no less virulent than strains isolated from outbreaks 
of en ter it is , indicating that variation in response to infection is 
due to the resistance of the host rather than any difference in the 
strains.
Strains isolated from humans were less virulent than strains 
iso lated from cattle . This may have been due to a difference in 
iso lation techniques or storage methods prior to receipt of these
stra ins or they may represent a separate clone. Some evidence for
the la t te r  was gained from the result of phage-typing but this is an
area which requires further investigation.
There was a good, but not perfect, correlation between virulence 
in mice and virulence in rats and calves, although a few strains were 
v iru le n t in rats but not mice and vice versa. The liv e  vaccine
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s tra in ,  S51 (S . dubl i n( 1 ) ) v/as p a r t ic u la r ly  in teresting  in th is  
respect. I t  was fu lly  virulent in mice but avirulent in rats and, 
although not tested in this study, has previously been shown to cause 
disease in calves only when administered either in very large doses 
or to severely stressed animals. In this respect, as in others, 
rats were probably a better infection model than mice but 
unfortunately they could not be infected orally even with a dose of 
10^  ^ cells in 3 week old animals.
Only small groups of calves were used to assess virulence and 
more work is required in this area, particularly since 1 strain which 
was highly virulent in mice was less so in calves. I t  would also be 
interesting to study the pathogenesis of different strains in calves 
since S. dublin(2) and S. dublin(S) appeared to favour different 
areas of the alimentary canal for their site of maximum replication. 
Doses used to infect calves in this study were usually in excess of 
10^, although as low as 10® in a colostrum-deprived c a l f .  One 
stra in  of S. typhimurium appeared to be more virulent in calves than 
the S. dublin stra ins but there was no evidence that th is  was 
generally true for all strains. The experimental oral doses used to 
infect calves even in the presence of antacid, were probably 
unnaturally  high. This was not thought to be due to loss of 
virulence determinants in v itro . The infectious dose for mice by 
the oral route could be manipulated by a lte r in g  the method of 
delivery of the inoculum and i t  is possible that a different 
inoculation technique might also lead to a reduction in the dose 
required to infect calves.
Strains which were regarded as 'avirulent' or of 'reduced 
virulence' in mice were deficient for a variety of reasons. The 
virulence of some was normal when measured by I/P  in o cu la tio n ,  
perhaps indicating a deficiency in their a b il i ty  to penetrate the
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gut, while others remained a v iru le n t .  Several ch arac te r is tics
associated with reduced virulence were identified,..although the
m a jo r i ty  of strains were d e f ic ie n t  in more than 1 fa c to r .  The 
construction of isogenic pairs would have been useful in determining 
the relative importance of these characteristics. Alternatively i t  
should be possible to restore the defic ienc ies  of some of these 
strains using transposon insertion mutagenesis and to assess the 
effect on virulence. This will be the subject of future research.
The most interesting association with virulence described here 
was the lack of virulence of plasmid-free , strains.
'Serotype-specific' plasmids appear to be associated with virulence 
-in a l l  serotypes in which they have been found, although some 
serotypes appear to be naturally plasmid-free and yet s t i l l  v irulent.  
The genes which code for virulence are probably located on a small 
fragment of plasmid DNA which exhib its  a high level of homology 
between serotypes. Hopefully the gene products of this region will 
shortly be identified.
I t  has been suggested that the plasmid is necessary for 
penetration and replication within the host, which may involve a 
mechanism of serum resistance linked to the production of outer 
membrane proteins. However, 'serotype-specific' plasmids are large 
enough to carry hundreds of genes, yet no differences in the
biochemistry or morphology between a plasmid-free and 
plasmid-containing strains were demonstrated in this study. The 
importance of the plasmid may be assessed by the fact that i t  was 
present in a l l  but 1 of the S. dublin stra ins examined. I t  is  
p o ss ib le  that many of the genes carried on the plasmid are also 
incorporated in the chromosome and this will not be c la r if ied  until 
the plasmid genes are mapped and their  gene products identified .
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Naturally-occurring plasmid-free strains and strains cured of 
the plasmid s t i l l  retained a residual virulence for rats and calves. 
This should enable the virulence determinants responsible to be
id e n t if ie d . The identification of plasmid-borne virulence
/
determinants may lead to th e ir  use in vaccines. I t  has been 
suggested that plasmid-free strains may be used in this way. In 
th e ir  present form they are probably too virulent but may be the 
basis of future genetically-engineered strains.
A strategy for the control of salmonellosis is urgently 
required. There is s t i l l  considerable controversy about the wisdom 
of using antib iotics, both for prophylaxis and therapy. Most of the 
discussion  is based on data derived from f ie ld  studies in small 
numbers of animals. However, despite the conflicting results there 
are indications that they may be useful in preventing mortality, in 
reducing numbers of organisms excreted in faeces, and in eliminating 
ca rr ie rs  and this should be tested in controlled experiments. There 
is s im ila r  controversy about the efficacy of vaccines and i t  is often 
suggested that the disease may be controlled by improvements in 
hygiene and husbandry.
The present system of calf-marketing and rearing certainly  
predisposes to infection, particularly with S. typhimurium, and 
control over the movement of calves would ease the problem. 
However, this would not eliminate salmonellosis on rearing premises 
and would obviously not affect the prevalence of infection amongst 
'home-bred' calves.
Since S. dublin occurs almost exclusively in cattle  i t  should 
theoretically be possible to formulate a policy for its  eradication, 
particu larly  from closed herds. This might be attempted by the 
slaughter of active c a r r ie rs .  Unfortunately th is  may not be 
feasible since the problem of the identification of latent carriers.
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which are thought to account for sporadic outbreaks in some herds, 
particularly  those in which a recrudescence of infection occurs, has 
not been solved. A re-assessment of the importance of such animals 
is required. The elimination of S. dublin from the calves of a 
430-cow herd, in which infection in the adults could not be detected, 
has recently  been achieved by removing a l l  calves found to be 
infected by bacteriological examination of faeces (Kokosharov, 1984). 
I t  is possible that in many cases recrudescence of infection 
represents re - in fe c t io n  from the environment ra ther than from a 
latent carrier.
The problem of salmonellosis in both dairy herds and
-rearing-units could be reduced i f  a suitable vaccine was available. 
Those in use at present must be administered to calves shortly after  
b ir th  i f  they are to induce an active immunity prior to the period of 
the peak incidence of disease. The evidence that this occurs is not 
encouraging. Calves may become infected within the f i r s t  few days 
a f te r  b irth  before immunity has time to develop. However, results 
presented above indicate that i t  is possible to confer immunity to 
calves with the colostrum of a vaccinated dam. I t  is ,  as y e t ,  
unclear whether this depends upon absorbed or intestinal antibody, 
although calves with low Zst levels were protected.
Cross-protection between S. dublin and S. typhimurium was reported 
and this probably occurs with other serotypes, since they share a
la rg e  number of common antigens (Brown and Jones, 1980). The
duration of passive protection is unknown but i t  may be suffic ient to 
allow the development of active immunity. There are conflicting  
reports on the rate of development of active immunity in the presence 
of maternal antibody, although this did not interfere with the immune 
response to an orally applied, l iv e ,  S. dublin vaccine (Krâmer, 1982).
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The advantages and disadvantages of live and dead vaccines have 
been discussed previously. Both may induce protection but i t  is 
generally accepted that live  vaccines are probably preferable. A 
good liv e  vaccine should be avirulent in all possible host species, 
produce no, or minimal, side effects, have good immunogenicity, not 
revert to wild-type and should be easily differentiated from 
wild-type strains. Perhaps the a b il ity  to be used in conjunction 
with antibiotics should be included.
Strains at present in use or being tested all have 
disadvantages. The Mellavax s tra in  does not f u l f i l  the above 
c r ite r ia ;  i t  is virulent in some animal species including, 
occasionally, calves and i t  could revert to wild-type, although this  
has not been reported. The Gal E, Aro A" and streptomycin-dependent 
strains are more acceptable, although more information is required on 
the immunogenicity of Gal E and Aro A“ strains in calves less than 2 
weeks old, and the vaccination schedule recommended for the
streptomycin-dependent strains is unrealistic. Although
plasmid-free strains and transposon insertion mutants produce good 
p ro te c t io n  in mice, they have not been tested in calves and the 
former are probably too virulent. However, Aro A” and plasmid-free 
strains may form the basis of a new generation of
genetically-engineered strains. Recent advances in molecular
genetics should allow the immunogenic properties to be increased and
may even result in the production of strains which can be used in 
conjunction with selected antibiotics.
I t  may be premature to suggest that a future scheme to control 
bovine salmonellosis could involve dam vaccination, or the addition 
of antibody to milk, followed by active vaccination of calves 1 to 2 
weeks after b irth , and booster injections of l iv e  or inactivated 
vaccines at yearly intervals. Such a scheme would be designed to
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produce a national herd resistant to the clinical effects of 
salmonellosis, i f  not necessarily salmonella-free. °A similar scheme 
in East Germany was described by Hahn and Schôll (1984). Cows in 3 
large herds were vaccinated parenterally with formalinised S. dublin 
5 weeks and 2 weeks before calving. Calves were then given l iv e ,  
streptomycin-dependent S. dublin at 6 weeks of age and immunity was 
maintained with booster parenteral injections of formal inised S. 
dublin at 6 monthly intervals. They claimed that this vaccination 
sequence, together with complete herd isolation and stringent hygiene 
measures, achieved complete eradication.
The view that salmonellosis in the animal and human population 
is a problem that has to be tolerated, or which can only be solved by 
hygiene measures, has become accepted in the last few years. 
However, although some gaps in our knowledge of the disease s t i l l  
remain, many have recently  been f i l l e d  and fu rth e r  advances in
I
research into pathogenesis and vaccination may soon reveal possible 
solutions.
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